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Foreword

The Department of Energy supports research in the geosciences in order to provide a sound foundation
of fundamental knowledge in those areas of the geosciences that are germane to the Department of
Energy's many missions. The Division of Engineering and Geosciences, part of the Office of Basic
Energy Sciences of the Office of Energy Research, supports the Geosciences Research Program. The
participants in this program include Department of Energy laboratories, academic institutions, and other
governmental agencies. These activities are formalized by a contract or grant between the Department of
Energy and the organization performing the work, providing funds for salaries, equipment, research
materials, and overhead. The summaries in this document, prepared by the investigators, describe the
scope of the individual projects. The Geosciences Research Program includes research in the broad areas
of geophysics, geochemistry, resource evaluation, hydrogeology and solar-terrestrial interactions, and
their subdivisions, including Earth dynamics, properties of Earth materials, rock mechanics,
underground imaging, rock-fluid interactions, continental scientific drilling, geochemical transport,
solar/atmospheric physics, and modeling, with emphasis on the interdisciplinary areas. All such research
is related either directly or indirectly to the Department of Energy's long-range technological needs.
Further information on the Geosciences Research Program, including recent program activities and
highlights, may be found on the Geosciences Programs home page at:
http://www.sc.doe.gov/production/bes/geo/geohome.html



http://www.sc.doe.gov/production/bes/geo/geohome.html

The Geosciences Research Program in the Office of Basic Energy Sciences

The Geosciences Research Program is directed by the Department of Energy's (DOE's) Office of Energy
Research (OER) through its Office of Basic Energy Sciences (OBES). Activities in the Geosciences
Research Program are directed toward building the long-term fundamental knowledge base necessary to
provide for energy technologies of the future. Future energy technologies and their individual roles in
satisfying the nations energy needs cannot be easily predicted. It is clear, however, that these future
energy technologies will involve consumption of energy and mineral resources and generation of
technological wastes. The Earth is a source for energy and mineral resources, and is also the host for
wastes generated by technological enterprise. Viable energy technologies for the future must contribute
to a national energy enterprise that is efficient, economical, and environmentally sound. The
Geosciences Research Program emphasizes research leading to fundamental knowledge of the processes
that transport, modify, concentrate, and emplace (1) the energy and mineral resources of the Earth and
(2) the energy byproducts of man. The Geosciences Research Program is divided into five broad
categories:

1. Geophysics and Earth Dynamics.
Geochemistry.
Energy Resource Recognition, Evaluation, and Utilization.

Hydrogeology.

A

Solar-Terrestrial Interactions.

The following outline of current research in these categories is intended to be illustrative. The program
evolves with time and progress in these and related fields. Individual research projects supported by this
program at DOE laboratories, national laboratories, academic institutions, research centers, and other
federal agencies typically have components in more than one of the categories or subcategories listed.
In addition, it is common for research activities to involve a high level of collaboration between
investigators and different institutions.

1. GEOPHYSICS AND EARTH DYNAMICS

A.  Large-Scale Earth Dynamics. Research on the physics of lithospheric dynamics such as plate
motion, mountain building, basin development, and regional scale uplift/subsidence and its
concomitant effects.

B.  Evolution of Geologic Structures. Research on the physical controls and physical effects of
the dynamic evolution of geologic structures (e.g., folds, faults, basins, volcanoes) on a local
or regional scale.

C.  Properties of Earth Materials. Research on physical properties of rocks and minerals
determined in the laboratory or in the field (in sifu), by direct or indirect techniques, and
applicable on the spatial and temporal scales of geologic processes.

D.  Rock Mechanics, Fracture, and Fluid Flow. Research on the response of rock and rock units
to induced stress and the role of fluid flow as a cause and/or effect.
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E.

Underground Imaging. Research to characterize the layering, mineralogy, lithology,
geometry, fracture density, porosity, fluid content, and composition of the lithosphere using
geophysical methods.

2. GEOCHEMISTRY

A.

B.

Thermochemical Properties of Geologic Materials. Research on the thermodynamic and
chemical properties of geologic materials and their kinetic/dynamic interactions.

Rock-Fluid Interactions. Research on the chemical and mechanical consequences of rock-fluid
interactions and the mass and energy transport controls of such interactions.

Organic Geochemistry. Research on naturally occurring carbonaceous and biologically
derived substances of geologic and energy importance.

Geochemical Transport. Research (both experimental and theoretical) on the geochemical
separation, transport, and concentration of materials in the Earth’s crust induced by the spatial
and temporal dynamics of lithospheric processes leading to a predictive capability.

ENERGY RESOURCE RECOGNITION, EVALUATION, AND UTILIZATION

Resource Definition and Utilization. Research to develop new and advanced bases for the
physicochemical dynamics needed for improved energy and energy-related resource
exploration, definition, and use.

Reservoir Dynamics and Modeling. Research on the physiochemical dynamics of geothermal
and hydrocarbon reservoirs in their natural and perturbed (by production, injection, or
reinjection) states.

Properties and Dynamics of Magma. Research on the origin, migration, emplacement, and
crystallization of natural silicate liquids and their heat energy.

Continental Scientific Drilling. Research on the scientific objectives of the OBES Geosciences
Research Program using advanced technologies in shallow, intermediate, and deep drilling for
Earth observation facilities. Scientific research and advanced drilling technologies
development are coordinated by an Interagency Coordinating Group (DOE, the U.S.
Geological Survey, and the National Science Foundation) under the aegis of the Interagency
Accord on Continental Scientific Drilling.

. HYDROGEOLOGY

Fluid Transport Dynamics and Modeling. Research on the chemical transport and
energy/mechanical consequences of fluid interactions and transport, leading to a predictive
capability.

Thermochemical Properties of Energy Materials. Research on the thermodynamic and
chemical properties of materials and their kinetic/dynamic interactions in fluidrock systems.

Perturbations of Fluid Flow. Research on the physicochemical dynamics and chemical
transport of fluidrock systems in response to mechanical and energy perturbations, leading to a
predictive capability.
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b

SOLAR-TERRESTRIAL INTERACTIONS

Magnetospheric Physics. Research on the fundamental interactions of the solar wind with the
terrestrial magnetic field and the Earth’s magnetosphere as a model magnetohydrodynamic
generator and associated plasma physics research.

Upper Atmosphere Chemistry and Physics. Research on thermal, compositional, and electrical
phenomena in the upper atmosphere and the interactions induced by solar radiation.

Solar Radiation and Solar Physics. Research on the structure and dynamics of the sun and the
characteristic interactions of solar radiation with the Earth, including the effects of solar radiation
on the climate.
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PART I: ON-SITE

CONTRACTOR: Argonne National Laboratory
Argonne, Illinois 60439

CONTRACT: W-31-109-Eng-38

CATEGORY: Geochemistry
PERSON IN CHARGE: N. C. Sturchio

Mineral-Fluid Interactions: Synchrotron Radiation Studies at the Advanced Photon Source

N. C. Sturchio (630-252-3986; Fax: 630-252-7415; Sturchio@anl.gov), P. Fenter, and M. J. Bedzyk
(Northwestern University)

Objectives: The objective of this program is to advance the basic understanding of rock-fluid and soil-
fluid interactions through experimental studies of atomic-scale processes at mineral-fluid interfaces.
This is crucial to establishing the relation between atomic-scale processes and macroscopic geochemical
transport in large-scale natural systems.

Project Description: The principal approach is to observe single-crystal mineral surfaces in situ during
chemically controlled reactions with fluids, using X-ray scattering, standing wave, and absorption
techniques with high-brilliance synchrotron radiation. These techniques provide high-resolution atomic-
scale structural information that cannot be acquired by any other means. Experiments are being
performed on common rock- and soil-forming minerals under conditions representative of geochemical
environments near the Earth's surface. Types of reactions being investigated include dissolution-
precipitation, adsorption-desorption, and oxidation-reduction.

Results: Progress during the past year included further successful demonstrations of the ability to
perform in situ X-ray reflectivity, diffraction, and standing-wave studies of reacting mineral surfaces
under chemically controlled conditions. During the past year, experiments were conducted to
characterize the atomic structure of the orthoclase (001) cleavage plane in contact with aqueous
solutions, and to observe changes in this structure as a function of solution composition and time, using
X-ray reflectivity measurements. We are focusing on the relaxations of near-surface atoms in orthoclase
and the structure of adsorbed water. A study of the dissolution kinetics and structure of orthoclase at
low pH was performed. X-ray standing waves and surface X-ray absorption spectroscopy were
combined to determine the structure and amount of Rb and Sr adsorbed onto rutile. X-ray standing
wave and absorption spectroscopy studies of uranyl adsorption on calcite were performed. Organic acid
and protein adsorption on calcite was studied using X-ray reflectivity in collaboration with M. McBride
and J. DeYoreo (Lawrence Livermore National Laboratory). Experimental studies of clay mineral
growth on muscovite substrates using X-ray reflectivity techniques were continued, in collaboration
with K. L. Nagy (University of Colorado).



CONTRACTOR: Brookhaven National Laboratory

Associated Universities, Inc.
Upton, Long Island, New York 11973

CATEGORY: Geology, Geophysics, and Earth Dynamics
CONTRACT: DE-AC02-98CH10886

PERSON IN CHARGE: K. W. Jones

Study of the Microgeometry of Geological Materials Using Synchrotron Computed
Microtomography

K. W. Jones (631-344-4588; Fax: 631-344-5271; kwj@bnl.gov), and H. Feng (631-344-2081; Fax:
631-344-5271; hfeng @sun2.bnl.gov)

Objectives: The objective of this project is to gain improved knowledge of the properties and behavior
of geological materials on a grain-size scale. Measurements are made to determine: 1) the
microgeometry of typical rock types, 2) changes in the microgeometry of the rocks as a function of
applied pressure, 3) fluid-flow paths through the rocks, 4) changes in rock composition caused by fluid-
rock interactions, and 5) determination of fracture structures and growth as a function of pressure.

Project Description: Experimental data are obtained using the technique of synchrotron computed
microtomography. Intense x-ray beams from the Brookhaven National Synchrotron Light Source pass
through the sample and strike an area scintillation detector. Light from the scintillator is detected with a
charge-coupled device and stored for later analysis. The tomographic volume is found by analyzing a
series of the two-dimensional views obtained as the sample is rotated around an axis normal to the x-ray
beam. The maximum number of voxels in the final volume is about 10". The minimum voxel size is
about 3 um on an edge. Other x-ray techniques are also being applied to selected samples. These
techniques include microbeam x-ray fluorescence, high-resolution x-ray microscopy, and Fourier
Transform Infrared Spectroscopy (FTIR).

Results: Experimental investigations of sandstones, limestones, and carbonates were carried out during
FY 1999. These investigations included further measurements on the native sandstones from the
Vosges, Darley Dale from Yorkshire, and Berea sandstone from Indiana. Investigations of changes in
the microstructure as a function of applied pressures as high as 300 MPa were carried out. In addition,
samples prepared to simulate conditions found in perforation of well casings with an explosive charge
were investigated. The hope is to characterize the changes in the specimen caused by the perforating
explosion and to relate these mechanical changes to those caused by pressures applied under carefully
controlled laboratory conditions. Fluid flow in sandstones was also investigated through measurement
of Wood's metal-filled 5% porosity Berea sandstone. The percolation front was clearly observed in one
partially filled sample. The initial study of type I deep-sea spherules begun in FY 1997 was carried on
in FY 1998 with over 20 particles being examined. Several specimens from hydrothermal vents were
measured. Qualitative comparison with measurements made using a commercial scanner showed the
effectiveness of the synchrotron instrumentation in defining structures on the micrometer size scale.
Several sediment samples were investigated with the aim of obtaining data for comparison with
theoretical predictions. In addition, experiments were carried out on sediments using high-resolution x-
ray microscopy (0.1-micrometer resolution), microbeam x-ray fluorescence (10-micrometer resolution),

2



and Fourier Transform Infrared Spectroscopy (15-micrometer resolution) to obtain supplemental
information on surfaces and contaminants. Analysis of measurements on Vosges sandstone and
limestone was completed and analysis of other results is in progress.

CATEGORY: Geochemistry

CONTRACT: DE-AC02-76CH00016
PERSON IN CHARGE: A. Vairavamurthy

Geochemistry of Organic Sulfur in Marine Sediments
M. A. Vairavamurthy (631-344-5337; Fax: 516-344-7905; vmurthy@bnl.gov)

Objectives: The overall objective of this study is to gain a fuller understanding of the geochemical role
of the sulfur system in transforming sedimentary organic matter from organized structures typical of
biopolymers (e.g., proteins and carbohydrates) to heterogeneous sedimentary geopolymers, such as
humic substances and kerogen. A major emphasis is placed on understanding the abiotic mechanisms of
sulfur incorporation into organic matter and its influence in the preservation of organic matter in marine
sediments.

Program Description: Sulfur is believed to be involved in preserving organic matter in sediments, in
converting this organic matter to petroleum and in controlling the timing of petroleum generation from a
source rock. A fundamental geochemical issue is the mechanism of incorporation of sulfur into
sedimentary organic matter. Although it is accepted that H,S and its partial oxidation products (such as
polysulfide ions) are involved, there is controversy about its molecular mechanism, and the active
species involved. This project, which is aimed at understanding the formation and transformation of
sedimentary organic sulfur during early diagenesis, has four major components: (1) studies of sulfur
speciation in sediments, (2) mechanistic studies of organic sulfur formation, (3) mechanistic studies of
the pathways of transformation of organic sulfur compounds in sediments, and (4) development of
analytical methods. The suite of complementary spectroscopic and chromatographic techniques used
(particularly synchrotron-radiation-based XANES spectroscopy for sulfur speciation and liquid
chromatography combined with mass spectrometry, LC-MS) give detailed structural information on
sulfur and its associated organic moieties.

Results: To better understand the natural mechanisms of organic sulfur formation under anaerobic
conditions, we investigated the chemical composition of dissolved organic matter from the Upper
Mystic Lake, Boston, Massachusetts, a stratified lake with highly reducing stagnant bottom waters with
intense sulfate reduction. This lake provides an ideal setting to understand how organic matter
transforms when conditions change from oxic to anoxic, along with high levels of H,S production. There
is much evidence to suggest that such anaerobic conditions were prevalent in ancient oceans and that
they enhanced the preservation of organic matter.

The XANES analysis clearly showed a distinct shift in sulfur speciation from oxidized forms dominated
with sulfonates in oxic waters, to predominantly reduced sulfur forms in anoxic waters comprising
mono-di-and polysulfidic sulfur. Concomitant with these changes in speciation, the relative sulfur
content also increased. Moreover, the molecular weight of the diagenetically formed humic
macromolecules increased with increasing depth, supporting the view of increasing macromolecular
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complexity of the geological molecules with the progression of diagenesis. In combination, these results
suggest that sulfur cross-linking is an important step in forming humic polymers under anoxic sulfide-
rich conditions, and hence in preserving organic matter.

Mass spectrometric analysis of the isolated compounds show a group of molecules in the bottom waters
containing silicon in addition to sulfur. The molecules ranged from a molecular weight of 600 up to
2000. The silicon is probably interspersed in the backbone of the molecule with repeating units of -
(OSi1(CH,),)n and -(SC(CH,),)n. These results present the first evidence for the formation of silicon-and
sulfur-containing polymers under anaerobic conditions.



CONTRACTOR: Lawrence Berkeley National Laboratory

University of California
Berkeley, CA

CONTRACT: DE-AC03-76F00098
CATEGORY: Geophysics and Earth Dynamics

Person in Charge: S. Benson

High-Resolution Imaging of Electrical Conductivity Using Low-Frequency Electromagnetic Fields
K.H. Lee (510-486-7468; Fax: 510-486-5686, khlee@Ibl.gov), H.F. Morrison, and A. Becker

Objectives: The objective is to develop numerical and field techniques for high-resolution imaging of
electrical conductivity using magnetotelluric (MT) and controlled-source electromagnetic (CSEM)
methods. Applications of high-resolution conductivity imaging include the mapping of groundwater,
resource exploration and reservoir characterization, subsurface processes monitoring, and general
geological mapping of the crust of the Earth.

Project description: Many fundamental questions relating to resolution, depth of exploration, required
bandwidth in frequency and spatial sampling rate remain to be answered. To resolve some of these
questions four main tasks have been selected in this project; 1) improvement of the q-domain imaging
method using the wavefield transform and tomographic inversion, 2) development of an approximate
analysis and imaging method using Born inversion, 3) development of a rapid and practical 3-D
inversion scheme, and 4) development of a borehole time-domain EM system. Some of these tasks are
driven by the pressing need to interpret an increasing amount of field data available to us. The data may
be in the frequency domain, but can only be interpreted properly if and when tasks 2 and 3 become
successful. Also, the evident success of the g-domain tomographic imaging process strongly argues for
the development of a suitable wideband borehole system (task 4).

Results: An approximate imaging scheme for mapping cross-hole electrical conductivity using
nonlinear traveltime tomography has been developed (Lee et al., 1999). Data used are arrival time
estimates based on an approximate wavefield transform of frequency-domain EM field. In this study, a
ray series expansion has been used to obtain approximate wavefield in the transformed domain. If
reflected and refracted energy is weak compared to that of direct wave, picking of the arrival time may
be reduced to estimating the coefficients of the leading term in the ray series expansion. This
simplification is valid when the conductivity contrast is small. An adaptive simulated annealing scheme
is used to estimate the coefficients of ray series. For a whole space, exact traveltime can be extracted
using only 4 frequency data. Nonlinear traveltime tomography using thus extracted traveltimes shows a
reasonable image of the conductivity structure between boreholes.

Development of the non-linear Born inversion for mapping 3-D conductivity structures has been
completed. One of the highlights of the method is that the evaluation of integral of the product of
Green’s function and scattering current is carried out in the wavenumber domain, thereby greatly
accelerating the computational speed. The inversion algorithm has been used to analyze EM data



obtained from the saline water injection experiment conducted at the Richmond Field Station of the
University of California at Berkeley.

Center for Computational Seismology (CCS)

T.V. McEvilly (510-486-7316; Fax: 510-486-5686; tvmcevilly@Ibl.gov), E.L. Majer and L.R.
Johnson)

Objectives: The Center for Computational Seismology (CCS) serves as the core data processing,
computation and visualization facility for seismology-related research at LBNL. As such, it will be
integral to our critical efforts in mapping the distribution and migration of fluids in the subsurface, a
problem requiring new approaches in seismic waveform inversion techniques that can take into account
the presence and effects of diffracted waves. A wide range of research projects relies upon CCS
resources for development and application of methods for characterization, process definition, and
process monitoring in the rock-fluid-thermochemical subsurface environment. Pursuing an objective of
providing modern tools for seismological research, the Center is designed and operated to provide a
focused environment for research in modern computational seismology by scientists whose efforts at
any time may be distributed among diverse research projects. A large number of varied, separately
funded research projects, from many different sponsors, rely upon this resource for intellectual exchange
as well as computational needs. Ph.D. theses and journal publications reveal a spectrum of effort from
the most fundamental theoretical studies to field applications at all scales.

Project Description: CCS provides a specially equipped and staffed computational facility to support
and advance a wide-ranging program of seismological research. Beyond computers, work stations,
seismic processing packages and visualization capabilities, it is a physical facility in which scientists
pursuing individual research interact with other scientists and technical support staff in a
multidisciplinary intellectual environment. CCS supports research in the general areas of wave
propagation, geophysical inverse methods, earthquake and explosion source theory, seismic imaging,
borehole geophysics, four-dimensional process monitoring and visualization technology.

Results: Results from the diverse seismological program at CCS are best demonstrated in the CCS
research output. Major accomplishments flow largely from the breadth of research support provided by
CCS, and the cross-fertilization between applications and fundamental studies. Significant recent results
involve successful imaging of contaminant flow zones in fractured basalt, development of borehole
orbital vibrator technology and promising results in CO, monitoring with borehole imaging
methodology.

Findings for a facility and scientific environment such as that provided by CCS must be defined in the
context of the multidisciplined research base that is supported there, rather than project-specific
accomplishments (those appear in other sections of this report). It is fair to attribute a large part of the
scientific reputation in seismology at LBNL to the CCS environment.



Deformation and Fracture of Poorly Consolidated Media

L. R. Myer (510-486-6456; Fax: 510-486-5686,; myer@Ibl.gov), K.T.Nihei (510-486-5349; Fax 510-
486-5686, KTNihei@[bl.gov), and B. C. Haimson (Univ. of Wisconsin)

Objectives: What distinguishes a well-consolidated granular rock from a unconsolidated granular soil,
e.g., sand, is the presence of strong inter-grain cohesion and frictional sliding resulting from reduced
porosity. Although the mechanical properties of these two limits among granular materials have been a
focus of extensive research for the past decades, the intermediate case of weakly-consolidated soil and
its behavioral transition from soil to rock is not well-understood yet. This research investigates the
effects of porosity and mechanical properties of grain contact such as cohesion and frictional coefficient
on the strength and failure mode of poorly consolidated granular rocks.

Earlier investigations revealed that in weakly cemented porous granular materials, the lack of
dilatational forces at the grain scale can lead to the development of an unusual thin slit-like failure
feature (Figure 1) around a borehole. In contrast to the typical borehole breakout resulting from KI-
mode (opening mode) fractures propagating perpendicular to the direction of local tensile stress, this
type of failure feature develops in the direction perpendicular to the local compressional stress and
therefore is called an "anti-KI" fracture. Understanding fundamental mocroprocesses associated with
these features is important for design of stable boreholes in weakly cemented rock. Whereas a typical
borehole breakout achieves a stable geometry for a given material strength and in situ stress state,
observations imply that these features extend indefinitely. It also appears that they may form even if
only a small, unsupported area is present, such as at a perforation. In this research, a series of laboratory
experiments has been performed to understand the effect of grain shape, cementation, and the
mechanical removal of debonded grains upon the failure mode of a weakly cemented granular medium.

Project description: Model specimens for weakly consolidated sandstone were fabricated from clean
silica sand and glass beads. After testing a variety of binding materials, sodium silicate solution was
chosen to cement the grains. Since this material tends to dissolve in water, future experiments involving
pore fluid will be conducted with non-aqueous fluid such as highly concentrated alcohol. Laboratory
uniaxial compression tests were performed on thin rectangular bricks (8 inches tall, 4 inches wide, and
1.1 inches thick) of artificial sandstones made of glass beads and silica sand. Each brick contained a
single small diameter hole as an analogue of a two-dimensional borehole. Beads and natural sand were
used (sieved to have grain diameters between 150 pm to 212 um) so the effect of grain shape on the
failure behavior of the specimens could be studied. Varying amounts of sodium silicate solution were
used as a binder to achieve a range of cohesive strength between grains. The bricks were loaded
vertically in the direction perpendicular to the borehole, and the development of compaction zones and
fractures around the hole were observed. Following these experiments, fracture toughness tests will be
performed to determine the cohesive strength and triaxial tests to determine the frictional strength of the
granular media. Concurrently with the laboratory experiments, 2D and 3D numerical models based on
discrete element method (DEM) will be development to simulate the behavior of weakly consolidated
and cemented materials.

Results: For glass bead specimens, the characteristic "anti-KI" fracture formed regardless of the amount
of sodium silicate binder. In contrast, for silica sand specimens, "dog-ear" shaped compaction/shear
zones formed in the direction perpendicular to the axial load. However, if the debonded grains were
removed from the failure zone using compressed air flow, the fracture similar to the glass-bead
specimens developed. In a silica sand specimen with very strong intergranular cohesion, fractures
propagating parallel to the direction of compressional stress were observed (classical borehole breakout
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failure). These fractures penetrated through axial compression
individual sand grains, indicating that the dilation
due to failed grains allowed the transmission of local
compressional stress driving the fractures in this
direction. These results indicate the importance of
grain removal in determining the failure mode a
weakly cemented porous granular rock. Rock
characteristics such as high porosity, round grains,
and the existence of a mechanical force that

vertical |
"splitting"

. . ] . typical borehole
dislodges the grains from the fracture tip can assist ! dilatati | breakout in Berea

in the development of the anti-KI borehole failure. It ) gy  fracture |sandstone

is likely that this mode of failure can occur even Sk

within relatively competent sandstones if liquid flow  Figure. Anti-KI mode fracture formed around a
(water, drilling fluid, efc.) can remove sand grains in ~ borehole within a synthetic sandstone. This failure

a manner similar to the compressed air used in this feature is markedly different from the classical
study borehole breakout with fractures developing parallel

to the local compressional stress field.

For the triaxial strength tests, the fabrication of a test

cell that houses a 1.25-inch diameter and 3.75 inch tall core has been completed. Using this cell,
volumetric change of the sample during compression can be measured by the amount of confining fluid
expelled out of the cell while maintaining a constant confining pressure. As for the numerical code, the
first part of the code that provides the initial packing geometry of the granular medium by simulating the
deposition of spherical grains under gravity was completed (both in 2D and 3D). It has been observed
that this type of low-energy deposition procedure results relatively low packing densities (approximately
50% porosity in 3D). To obtain a more realistic packing geometry of the grains, subsequent
consolidation of the system is required.

Decomposition of Scattering and Intrinsic Attenuation on Rock with Heterogeneous Multiphase
Fluids Distributions

K.T.Nihei (510-486-5349; Fax: 510-486-5686; KTNihei@Ibl.gov) L.R.Myer (510-486-6456; Fax:
510-486-5686; LRMyer@Ibl.gov)

Objectives: The overall focus of this project is a fundamental investigation of scattering and intrinsic
attenuation of seismic waves in rock with heterogeneous distributions of fluids and gas. This research
represents a departure from past rock physics studies on seismic attenuation in that the emphasis here is
not a detailed study of a specific attenuation mechanism, but rather to investigate theoretical and
laboratory methods for obtaining separate estimates of scattering and intrinsic attenuation in rock with
heterogeneous pore fluid distributions. It is anticipated that methods for obtaining separate estimates of
intrinsic and scattering attenuation may lead to higher resolution methods for monitoring the movement
of fluids in the subsurface.

This project combines laboratory, numerical, and theoretical studies to the investigation of scattering
and intrinsic attenuation in rock with heterogeneous fluid distributions. The objectives of this project
are threefold: (1) to adapt and further refine methods for decomposing scattering and intrinsic
attenuation in rock with heterogeneous multiphase fluids, (2) to apply these methods to laboratory
seismic measurements in porous rock with heterogeneous fluid distributions and compare these results
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with direct laboratory measurements, and (3) to examine a new method for focusing seismic waves in
heterogeneous media using time reversal mirrors. These objectives are addressed in three tasks to be
performed over a period of three years.

Project Description: In this project, laboratory, theoretical, and numerical studies are combined to
investigate methods for estimating scattering and intrinsic attenuation in rock with heterogeneous
distributions of gas and fluid. The focus is on sandstone and carbonates under conditions in which the
relative saturation of miscible and immiscible liquids (e.g., water and oil) and gas (e.g., CO,) vary.
Decomposition of the attenuation will be conducted to compare the contributions from scattering and
intrinsic attenuation and related to the characteristics of introduced heterogeneity obtained from X-ray
CT images. Numerical and theoretical models will be performed to help interpret the results of the
laboratory experiments and to investigate the effect of both attenuation mechanisms on the
characteristics of the waves. Laboratory and numerical studies of wave focusing on selected
heterogeneities using elastic time reversal mirrors will also be investigated. The effects of intrinsic
attenuation on the time reversal focusing process and methods for correcting for intrinsic attenuation
will be examined.

Results: Work to date consists primarily of experimental design and set-up, and numerical code
development. Bar resonance and pulse transmission systems capable of operating in the 1-50 kHz
frequency range has been assembled, and calibrated on aluminum and plexiglass bars.

The first series of experiments to investigate Q-intrinsic and Q-scattering are currently being set up in
the lab. These tests will examine the differences in Q estimates obtained from resonance and pulse
propagation tests on aluminum bars with scatterers in the form of a circumferential notch and a parallel
array of cylindrical holes. The next series of tests will utilize the same scatter geometries, but located in
a plexiglass bar. In support of these tests, we are currently modifying our cylindrical codes for
resonance and bar propagation to include attenuation resulting from viscoelasticity.

CATEGORY: Geochemistry

Person in Charge: S. M. Benson

Integrated Isotopic Studies of Geochemical Processes

D. J. DePaolo (510-486-4975, 510-643-5064, Fax: 510-642-9520, depaolo@socrates.berkeley.edu
or djdepaolo@Ibl.gov] and B. M. Kennedy (510-486-6451, Fax: 510-486-5496,; bmkennedy@[bl.gov)

Objectives: Combine high-precision measurements of isotopic ratios in natural materials with
mathematical models to understand the spatial and time scales of geochemical processes of interest for
energy management.

Project Description: Current effort is concentrated on Sr, Ca, O, C, He, Ne, Ar, Xe, Pb, and Nd
isotopic ratios, and on problems of mass transport in fluid-rock systems, interpretation of past global
climatic change, crustal magmatic and tectonic processes, and Quaternary geochronological methods. A
mathematical basis for the application of isotopic measurements of fluids and rocks to the field-scale
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parameterization of hydrological systems is a major effort of the Center. Modeling is accompanied by
systematic measurements of relatively simple natural systems, and by improved sampling and measuring
techniques. Emphasis in development is on microsampling of geological materials, on high-precision
measurement of the small amounts of recovered material, and on rapid, automated low-blank chemical
separation of trace elements. Other efforts of the Center are aimed at geochemical techniques for dating
and correlation of sedimentary and volcanic rocks, and for understanding the timescales and
mechanisms of crustal processes such as extensional faulting, mountain building, and volcanism. All
efforts are aimed at improved characterization of natural rock and fluid systems.

Results: (1) Geochemical transport in fractured rock systems generally cannot be adequately modeled
using a simple porous medium formulation. The fracture system must be considered separately from the
intervening matrix blocks. This situation presents complications for interpreting isotopic data on fluids
at field scales, but also offers opportunities for using isotopic data to learn more about the fracture-
matrix interaction, and about fracture spacing in subsurface systems. An analytical formulation has been
derived that describes isotopic effects for parallel fractures separated by porous rock "matrix" containing
stagnant fluid. The behavior of a steady-state system is dependent on the ratio of the diffusive reaction
length (Le) to the fracture spacing. Different chemical elements can be affected to differing degrees
depending on their solubility and diffusivity in the fluid phase, and on the reaction rates in the system.
The model can be applied to geothermal systems to estimate the average spacing of fluid-carrying
fractures, and in general, to evaluate the limits of applicability of single-porosity models.

(2) Current understanding of the extent and rates of past global climate change is based heavily on
isotopic records retrieved from glacial ice in Antarctica and Greenland. How isotopic ratios should be
converted to paleotemperature estimates is still uncertain. To address this issue we developed a
relatively simple model of meridional water vapor transport, which uses meteorologic characteristics of
the Earth. This model extends the description of advective transport via Rayleigh models by adding
transport by eddy-processes and recharge to the atmosphere by evaporation. The model allows us to
investigate how these factors and others control the relationships between location, temperature and
isotopic composition. A significant result is that the model shows that the modern spatial relationship
between §'"°0 and mean annual temperature cannot be used to infer past temperature from ice core 5O
and other isotopic proxy records. In general, at low latitudes the 8O of precipitation is largely buffered
by evaporation from the oceans, and this buffering extends to about £50° latitude north and south. The
8"0 of precipitation near the poles therefore records only the difference in temperature between the
poles and 50° latitude. The absolute temperature change can be significantly larger.

(3) The fate of volatiles entrained in subducted sediments and mantle lithosphere, particularly green
house gases such as CO, and CH,, is relatively unknown but important for establishing global carbon
budgets for longer time scales. We have initiated a study of noble gas abundances and isotopic
compositions in back arc volcanic systems to evaluate the feasibility of using noble gases to study the
fate of other important volatile species during the subduction process. In the initial phase of this study
we measured noble gas isotopes and abundances in olivine separates from ash samples associated with
recent explosive basaltic eruptions in the back arc volcanic systems of Nicaragua. Air-like isotopic
compositions combined with Xe/Ar ratios varying from ~2.5 — 11.7 times air suggest that a significant
amount of gas associated with sediments is carried deep into subduction zones.

(4) We have measured Sr-Nd-Pb-He-Ar isotopic values for Mauna Loa (ML) lavas from the Hawaii
Scientific Drilling Project (HSDP) Pilot Hole to complete the isotopic coverage of the sampled section.
These new data, in combination with those existing for ML and Mauna Kea (MK), provide two
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“continuous” ~200 kyr records of the isotopic evolution of Hawaii’s two largest volcanoes. These
records allow us to evaluate the structure of the Hawaiian plume.

(5) To compliment our past and ongoing monitoring of gas discharging from Mammoth Mountain, Long
Valley Caldera, we have measured helium isotope ratios in olivines from basalts erupted over the last
3.2 million years. Our goal was to better understand the relationship between helium isotopic ratios
currently measured in gas being discharged from Mammoth Mountain and those found in the magma
systems. We found a spatial pattern in the helium isotopic composition of the different basalt flows.
Basalts along the edges of the caldera, ranging in age from 3.2 million years to less than 100,000 years,
have relatively uniform helium isotopic ratios (5.8 - 6.2 R ). Whereas, the westernmost basalts in the
area, which are outside the Long Valley caldera, have much lower helium isotope ratios (4.6 - 5.2 Ra).
Since the ages of these two groups of basalts overlap, it appears they are derived from two different
magmatic systems. During the recent period (1989 to the present) of earthquake activity beneath
Mammoth Mountain, the helium isotopic composition in gasses from the summit fumarole increased
significantly to 6-7 times air. The similarity between this ratio and those in the caldera-rim basalts
indicates that the magmatic system sampled by the discharged gasses at Mammoth Mountain is probably
the one responsible for generation of the small-scale basalt flows. The fact that gasses presently being
discharged from Mammoth Mountain are associated with recent seismic unrest beneath Mammoth
Mountain and have helium ratios similar to the caldera-rim basalts has important implications for
volcanic hazard evaluation.

(6) To examine the mechanisms utilized by the lichen Stereocaulon volcanii to take up copper from
recent Hawaiian basalts, X-ray absorption spectra (XAS) were collected using beamline 10.3.2 at the
Advanced Light Source. These analyses showed that the lichens transport the copper as copper oxalate
through the inner algal layer. Further, small grains (~<1 um in diameter) of copper metal with
significant cobalt were found in the regions of the lichens containing the highest copper concentrations.
This suggests that the lichens are reducing the copper to avoid toxic concentrations of organo-metallic
complexes.

(7) A series of experiments were performed to examine the biochemical processes affecting carbon
isotopic fractionation caused by bacterial oxidation of methane. Methane-oxidizing bacteria in soils
play a key role in the cycling of methane, an important greenhouse gas. Carbon isotope measurements
of methane potentially represent a valuable tool for studying this process in nature. However,
previously published studies have reported significantly different fractionation effects. The results of
our experiments demonstrated that the magnitude of fractionation is a function of the concentration of
active organisms. These findings indicate that carbon isotope measurements of methane in soils can be
used to track levels of methane-oxidation in the soils.

Isotopic and Chemical Composition of Fault Zone Fluids

B. M. Kennedy (510-486-6451; Fax: 510-486-5496; bmkennedy@Ibl.gov) and E. Pili, (Departement
Analyse et Surveillance de I'Environnement, F-91680 Bruyeres-le-Chatel, France.)

Objectives: The San Andreas Fault (SAF) is weak in an absolute sense and relative to adjacent plate
interiors. Near lithostatic fault zone fluid pressures are thought to play a critical role in fault weakening
and the discriminating factor between fluid-pressure based models of fault weakening is the origin of the
fault zone fluids. The isotopic and chemical compositions of fluids associated with the SAF system are
being measured to identify fluid source and flow rates through the fault system.
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Project Description: Explanations for SAF weakness invoke either low friction fault zone materials or
super-hydrostatic fluid pressures within the fault zone. However, heat flow and stress orientation data
have not been reconciled with laboratory friction coefficient measurements on fault gouge materials, so
that elevated fluid pressures are the preferred explanation. Models invoking high fluid pressures are
similar but rely on different fluid sources. During the earthquake cycle fault zone fluid pressure
increases to near lithostatic values and induces rupture. Dilation accompanies rupture, locally lowering
the fault zone fluid pressures and the cycle begins again. Crustal fluids, connate or meteoric, may be
drawn into the fault zone in response to fault rupture and become trapped by mineral reactions; the high
fluid pressures required to weaken the fault are reestablished by compaction of the sealed fault-zone
materials. In this model, the base of the seismogenic zone, defined by the brittle-ductile transition, is
treated as an impermeable boundary. In an alternative model, fault-weakening fluid pressures are
generated by a high flux of deep crustal or mantle fluids that are continually supplied to the seismogenic
zone from the ductile lower crust at super-hydrostatic pressure. To investigate fluid source and influence
on SAF dynamics, we conducted a chemical and helium isotopic study of groundwater associated with
the SAF and companion faults. We found that the groundwater contained elevated ‘He/'He ratios, thus
providing evidence for a geopressured mantle fluid source (Kennedy et al., 1997, Science, 278, 1278-
1281).

It is likely that mantle helium is associated with other more abundant mantle volatiles, certainly CO, and
perhaps water. However, using estimated mantle CO,/'He ratios, the vertical CO, flux inferred from the
helium isotopic data is low and appears inadequate, by at least an order of magnitude, to re-establish
fault-weakening fluid pressures on the relevant time scale. Apparently, an additional source of fluid
(water, CO,, etc.) is required. Also, it is not clear if the springs and wells sampled in this study tapped
fluids directly from a fault zone or from the adjacent crust. If the fluids are directly from the fault zone,
then the observation that mantle helium is mixed with fluids from the adjacent crust, as indicated by
dissolved solids and water isotopes, implies that elements of both models are important. Since weakness
is generated by high fluid pressures in the fault zone relative to surrounding crust, infiltration of crustal
fluids into the fault zone requires episodic reversals of the fluid pressure gradient.

To address these two issues, we initiated a program to sample and analyze rocks and minerals associated
with the fault zones and surrounding country rocks. These samples will be analyzed for noble gases and
the isotopes of Sr, Nd, Pb, C, and O.

Results: During FY 199, we continued our analyses of the rocks and minerals collected from the
deformation zones, vein fillings, and hosts along the SAF and companion fault systems. Fluid inclusion
helium isotopic compositions from the various fault zone samples vary from ~0.1 - 2.5 Ra (Ra is the
"He/'He ratio in air), indicating that past fluids percolating through the SAF system contained mantle
helium contributions of ~1 to ~32%, similar to that measured in present-day groundwater. This
confirms the involvement of mantle fluids and shows from structural relationships observed in the field
and in thin sections that these fluids are directly associated with the process of faulting.

Calcite is the dominant vein material and repeatedly occurs as an accessory mineral in deformation
zones. At each sampling site, several trends in the relative depletion of "C- and "*O isotopes are
observed. (1) The deformation zone and vein material are the most depleted compared to their host
rocks. (2) Veins that cut through deformation zones are even more isotopically depleted. (3) With
increasing distance from what can be structurally defined as the core of fault zones, host rocks are less
isotopically affected and the density of veins and deformation zones decreases. (4) Host-rock carbonates
display progressive evolution towards greater depletion in the order limestone, marble, gneiss, granite
and basalt, mirroring the increase in metamorphic grade or deep crustal origin of the host-rocks.
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We infer from these trends and the isotopic compositions that (1) the fault zones have been infiltrated by
fluids of deeper origin during deformation and (2) the fluids are dominated by crustal or connate water +
CO,. Meteoric water does not appear to represent a significant contribution and the CO, is inferred to
have a metamorphic or mantle origin.

Clay Mineral Surface Geochemistry
Garrison Sposito (510-643-8297; Fax: 510-643-2940; gsposito@Ibl.gov)

Objectives: The objectives of this project are to determine the mobility and surface speciation of Cs”
counterions, as well as interlayer water structure, for 12.4 A Cs-smectite hydrates using Monte Carlo
and molecular dynamics simulations.

Project Description: Smectites are clay minerals with expandable interlayers and substantial cation
exchange capacities. Molecular modeling techniques can provide an understanding of the hydrated Cs-
smectite interlayer necessary to predicting the permeability of clay liners to radiocesium cations at
nuclear waste containment facilities.

Monte Carlo (MC) simulations were used to determine the configuration of Cs™ and water molecules
present in stable Cs-smectites with 12.4 A layer spacings. The program MONTE, written by Neal
Skipper and Keith Refson and compiled on Cray J90s at the National Energy Research Scientific
Computing Center (NERSC), was used. The smectites examined include octahedrally charged hectorite,
tetrahedrally charged beidellite, and montmorillonite, which has both tetrahedral and octahedral charge
sites. Molecular dynamics (MD) simulations based on MC-equilibrated Cs-smectites revealed the
diffusion of Cs” and water molecules over 800 ps. The code MOLDY, written by Keith Refson and
compiled on the Cray T3E at NERSC, was used. Coordinate data from MD runs have been animated
using RM SceneGraph in order to visualize molecular interactions. Further information may be found at
http://esd.Ibl.gov/sposito/.

Results: Monte Carlo calculations provided radial distribution function and coordination number data
that revealed both the ability of Cs” to organize water into a partial hydration shell, as well as the highly
distorted nature of interlayer water structure as compared to bulk water.

Comparison of MD trajectories revealed the effect of clay charge site on Cs” mobility. The recessed
charges of hectorite held Cs" in fixed locations at the midplane of the interlayer, whereas the near-
surface tetrahedral charges within beidellite drew cations to fixed positions closer to the clay layers.
When both charge sites were present, as in montmorillonite, the Cs” became somewhat more mobile.
All Cs" were in inner-sphere surface complexes and moved through jump diffusion, except in Cs-
montmorillonite with 2/3 water monolayer. This system featured four cations tightly bound to two
tetrahedral charge sites, while two remaining Cs" exhibited diffusional motion. Water molecules
diffused at rates a fraction of those in bulk water.

The results confirmed the findings of experiments, which predict low mobility of Cs" in smectites. Such
agreement indicates the potential functions used may be reasonably accurate, and provides further
evidence supporting the use of smectite clay liners within nuclear waste containment facilities in order
to retard the movement of radiocesium.
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Molecular-level studies of Fe-Al oxyhydroxide coating formation on quartz

G. A. Waychunas (510-495-2224; Fax: 510-486-7152; GAWaychunas@|[bl.gov) with J. A. Davis, and
R. Reitmeyer (both at USGS Menlo Park, CA)

Objectives: Determination of the molecular structure of initial sorbed and precipitated Fe-Al
oxyhydroxides on quartz surfaces; Comparison of perfect surface reactivity with degraded perfect
surfaces and with perfect surfaces exposed to natural conditions; Characterization of the effects of
undersaturation on precipitate formation; Exploration of coating sorption properties to specific toxic
metals and organic species.

Project Description: Fe oxyhydroxides are potent scavangers of toxic oxyanions (arsenite, selenite,
chromate) over a large pH range, and can also incorporate or sorb toxic metal cations under appropriate
conditions. Recent work has shown that coatings of these materials, down to nanometer thicknesses, can
be ubiquitous even in the cleanest sediments, effectively creating a large surface area sorbant that
dominates mineral-water interface reactivity. This project combines three efforts to understand the
nature, formation and alteration of these coatings in aquifer sediments: 1) laboratory sample preparation
and characterization including both perfect single crystal surfaces and high surface area silica (Aerosil).
2) emplacement of perfect single crystal surfaces into sampling wells at two aquifers where the
sediments, conditions and chemistry is well described. These samples are withdrawn periodically to
reveal coating formation and quartz surface degradation. 3) Characterization of coatings on natural
quartz grains from these aquifers and elsewhere representing a range of formation environments.
Characterization methods include synchrotron-based x-ray absorption spectroscopy in grazing incidence
mode (GIXAS), transmission electron microoscopy (TEM) and atomic force microscopy (AFM).

Results: Observations of initial precipitates on high surface area Aerosil and on quartz r- and m-plane
surfaces shows a strong dependence on Fe™ solution concentration and on dehydration. At low pH
values that suppress oxyhydroxide polymerization in solution, individual inner sphere Fe™* surface
complexes dominate sorption only at coverages below 2% of a monolayer of surface silanol groups.
With increased coverage Fe oxyhydroxyl polymers form. These have hematite-like structure for r- and
m-plane quartz surfaces with strong texturing such that the hematite (0001) axis is along the surface
plane normal. No definite epitaxial relationship is observed.

Drying and aging promotes polymerization (clustering and precipitation) in samples initially having only
sorbed isolated complexes. This could explain how very low aqueous Fe™ concentrations can lead to
Fe™ coating formation during drying of sediments. AFM images of clean m-plane surfaces show
uniform terrace and step structure with step height of 2.6 A, and terrace width of several thousand A.
The step edge is found to be the preferred position for precipitation development and may catalyze
polymerization.

Work on the earliest samples from wells at the Cape Cod site show development of both calcite and Fe
oxyhydroxide coatings, but not sufficient Fe to yield detailed structural information.
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CATEGORY: Hydrogeology

Person in Charge: S. Benson

Geochemical and Isotopic Constraints on Processes in Oil Hydrogeology

B. M. Kennedy (510-486-6451; Fax: 510-486-5496; bmkennedy@Ibl.gov) and T. Torgersen
(University of Connecticut)

Objectives: This research project evaluates the processes which produce, dissolve and distribute noble
gases and noble gas isotopes among liquid hydrocarbon, gaseous hydrocarbon and aqueous phases. This
project also uses the abundances and isotopic composition of noble gases in hydrocarbon systems to
evaluate hydrocarbon sources and characteristics, groundwater end-members, and migration processes,
mechanisms, and time scales.

Project Description: The mechanisms, processes and time scales of fluid flow in sedimentary basins
represent fundamental questions in the Earth Sciences with direct application to exploration and
exploitation strategies for energy and mineral resources. This project investigates the noble gas
composition of hydrocarbon samples on a basin and field scale where adequate commercial production
and ancillary information are available, to provide a test of the use and applicability of noble gases to
delineate end members, migration mechanism and migration paths for hydrocarbons. Samples are
analyzed for the five stable noble gases (He, Ne, Ar, Kr, Xe) and their isotopes.

Results: Negotiations with various oil companies for the provision of samples in the North Sea and the
Gulf of Mexico have been completed. Samples are in hand and undergoing analysis. A post doc has
been added to the research team.

The solubility of noble gases in hydrocarbons and water dictate that a source area noble gas signature
will be mixed with and diluted by noble gases stripped from groundwater during secondary migration.
The degree of dilution is a function of the integrated water/hydrocarbon volume ratio. Plots of relative
noble gas abundances (F['Ng]) and isotopic compositions as a function of the inverse *’Ar concentration
generate mixing lines reflecting the varying degrees of dilution and thus can identify the noble gas
characteristics of the source area (high values of 1/°Ar) and the groundwater (the intercept at 1/°Ar=0).
Noble gas data from the Alberta gas fields (Hiyagon and Kennedy, 1992) provides a proof of concept
and identifies four distinct mixing lines. The spatial distribution of samples defining each dilution line
is suggestive of migration flow paths, as indicated by the progression from high to low values of 1/*°Ar,
and are consistent with the migration flow paths of Garven (1989) and Hitchon (1984) that were
identified using hydrologic arguments.

The secondary migration of Alberta hydrocarbons occurred in groundwaters with noble gas
compositions consistent with air-saturated water at 10-25 °C. The source areas (distinct from source
rock) for Groups B1 and B2 are characterized by very large enrichments of radiogenic ‘He and “Ar,
nucleogenic *'Ne, and fissiogenic “*Xe that is unlikely to have been derived solely from the source rock.
These large excesses suggest that Tertiary orogeny preceding secondary migration degassed large
volumes of older crust into the defined source areas. The noble gas characteristics of the source areas
for Groups Al and A2 indicate an enrichment in 'He. 1/*Ar-defined flow paths trace this 'He
enrichment to the only volcanic formation in Alberta, the regionally restricted Cretaceous Crow’s Nest
Formation. The sequence of restricted Cretaceous volcanism ‘staining’ the Group A source area with
mantle *He, degassing of large source area crustal volumes by Tertiary orogeny, followed by
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hydrocarbon maturation and migration is defined by the mixing line analysis. Noble gas mixing line
analysis thus provides a fundamental constraint on models of hydrocarbon migration and emplacement.

Reactive Chemical Transport in Structured Porous Media: X-ray Microprobe and Micro-XANES
Studies

T.K. Tokunaga (510-486-7176, Fax: 510-486-7797; tktokunaga@Ibl.gov)

Objectives: In subsurface reactive transport, large differences in chemical composition can be
sustained in boundary regions such as sediment-water interfaces, interior regions of soil aggregates, and
surfaces of fractured rocks. Studies of reactive transport in such boundary zones require information on
chemical speciation with appropriate spatial and temporal resolution.

Project Description: Predicting transport of trace elements between various environmental
compartments is currently often unsuccessful, partly due to lack of relevant information at compartment
boundaries. Batch studies can yield insights into kinetics and equilibrium in well-mixed systems, but
much of the subsurface is very poorly mixed. Without in-situ, spatially- and temporally-resolved
chemical information, transport between compartments can only be described with system-specific,
nonmechanistic, mass transfer models. In this project, the synchrotron x-ray microprobe and micro-
XANES techniques are used to obtain such measurements in a variety of critical microenvironments.
Past efforts in this project focused on selenium transport and reduction in two types of
microenvironments, that found at surface water-sediment boundaries, and that found within soil
aggregates. In FY 1998, the project emphasis shifted to consider reactive transport of Cr included flow-
through experiments in columns of aggregated soils, including spatially resolved, real-time tracking of
initial contamination processes within soil aggregates, and later characterization of Cr redistribution
upon long-term drying. The complexity of reactive transport in such systems with macropore flow and
intraaggregate diffusion-redox motivated simpler FY 1999 studies focused only on the latter processes.

Results: The FY 1999 studies focused on Cr(VI) diffusion and reduction to Cr(III) within soil
aggregates. Experiments were designed to quantify characteristic Cr(VI) diffusion distances, reduction
rates, and their dependence on intraaggregate redox conditions. Experiments were conducted on
synthetic soil aggregates formed from a homogenized alkaline (pH 8.5) clay soil. The alkalinity of this
soil minimized the extent of Cr(VI) sorption on mineral surfaces. A range of initial redox conditions was
established within aggregates by infusing solutions containing different concentrations of organic carbon
(0 to 800 ppm, as tryptic soy broth). Redox potentials were measured through arrays of microelectrodes
embedded within aggregates. Cr(VI) was diffused into the aggregate microcosms at boundary
concentrations ranging from 260 to 5200 ppm. Upon exposure to Cr(VI), redox potential profiles were
disturbed only within the near-surface (0 to 4 mm depth interval) of the aggregates. Micro-XANES
mapping was done at GSECARS beamline 13ID-C, Advanced Photon Source. Preliminary tests
showed that artifacts from x-ray beam induced Cr(VI) reduction to Cr(IIl) could problematic. This
effect was minimized to < 5% through defocusing and short (< 30 s) exposures. Micro-XANES
mapping of Cr in aggregates showed (1) deeper Cr diffusion in systems with lower organic carbon, (2)
reduction of Cr(VI) to Cr(Ill) during transport, and (3) very sharp termination of Cr fronts in more
reducing aggregates. The latter phenomenon results from rapidly increasing reduction rates over very
short distances (< 10 mm). The steep concentration gradients for Cr(VI) and Cr(I1I) measured directly
within aggregates via micro-XANES spectroscopy permit quantification of Cr reduction during
diffusion.
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Unsaturated Fast Flow in Fractured Rock: Testing Film Flow and Aperture Influences
T.K. Tokunaga (510-486-7176, Fax: 510-486-7797; tktokunaga@Ibl.gov)

Objectives: The nature of unsaturated fast-flow in fractured rocks needs to be understood in order to
obtain reasonable constraints on vadose zone transport. Water films along unsaturated fractures have
recently been shown to be capable of supporting fast flow and transport, and revealed limitations of
existing aperture-based models. In this project, theoretical considerations and experiments are combined
to improve our understanding of unsaturated flow in fractured rocks.

Project Description: Recently, the concept of film flow was introduced as a possible process by which
preferential flow could occur along truly unsaturated fractured rock. Our work concerns water films on
fracture surfaces under near-zero (negative) matric potentials, and examines the possibility of fast,
unsaturated flow under "tension". "Films" in this context are a complex network of thick pendular
regions that form within topographic depressions and thin films on topographic ridges. Thus, the
thickness and connectivity of pendular film regions is expected to be important in controlling film flow
on individual fracture surfaces. We showed that at matric potentials greater than that needed to saturate
the rock matrix, transmissive water films can develop on fracture surfaces. The matric potential
dependence of the average film thickness and film transmissivity of a Bishop Tuff fracture surface were
measured using equilibrium and steady-state methods, respectively. The water “films” investigated in
the previous study as well as the present one develop on rough surfaces, range in average thickness from
about 1 to 50 pm, and flow in the laminar regime. In the FY 1999 work, general conditions necessary
for stable film flow were identified.

Results: Flow through unsaturated fractured rock occurs via a number of processes, including film flow.
Approximate ranges of conditions necessary for the presence of thick water films along unsaturated
fracture surfaces were investigated through considering rock matrix and fracture aperture saturation
criteria. Stable thick films exists when the matric potential is high enough to effectively saturate the
immediately underlying rock matrix, yet low enough not to saturate the fracture aperture. The lower
energy limit for stable thick films was estimated through correlations between air-entry matric potentials
and matrix permeabilities. The upper matric potential limit was estimated from the Laplace-Young
predicted inverse fracture aperture dependence of capillary filling. With these two limiting relations, the
domain for stable thick films was identified in the parameter space defined by matrix permeability,
fracture aperture, and matric potential. These results show that thick films are stable over a moderate
range of matric potentials when the rock matrix permeability is less than about 10"* m* and the fracture
aperture is greater than about 30 um. Such combinations of permeabilities and apertures are common in
fractured rock vadose zones. Thus, thick water films can form in these environments within the matric
potential ranges identified here. It is important to keep in mind that near-zero matric potentials are
necessary for the possible development of fast film flow.

Colloid Transport in Unsaturated Porous Media and Rock Fractures
J. Wan (510-486-6004; Fax: 510-495-7797; jwan@Ibl.gov)

Objectives: The objective of this project is to improve the mechanistic understanding on colloid
transport in unsaturated porous media. Because the classic filtration theory for predicting colloid
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transport cannot be directly used for transport in unsaturated media, this research is designed to develop
a comprehensive understanding and model for colloid transport through vadose environments.

Project Description: Wan and Tokunaga (1997, Emviron Sci. Technol.) identified the mechanism of
“film straining”, which hinders colloid mobility under unsaturated conditions. The premise of this
hypothesis is that the gas-water interface can physically constrain colloid movement through regions of
thin flowing liquid films that characterize fluid transport under unsaturated conditions. The effect of
film straining on colloid removal was assumed to depend on the ratio of particle size and film thickness
and on pore water velocity. Their model predicts that particle transport is inhibited if colloid size is
larger than film thickness, while colloids smaller than film thickness are transported, even at saturations
lower than the critical value. However, the mechanistic understanding of the effect of the characteristics
of films, particles, and medium surfaces on particle motion is still lacking. The relative importance of
forces in either facilitating (such as fluid drag and torque) or retarding (friction and surface tension), the
motion of particles in flowing liquid films has not been previously investigated. To address some of
these issues, this study was undertaken to investigate the effect of particle size/film thickness ratio on
the motion of a spherical particle in a flowing liquid film.

Results: The effect of particle-size-to-film-thickness-ratio on the motion of spherical particles in a
stable liquid film flowing down an inclined flat surface was studied experimentally. Previously reported
models that are based on force and torque balance were modified to predict motion of particles that are
smaller than film thickness. At low values of the ratio, particle velocity is observed to increase nearly
linearly with particle size, reflecting the increasing influence of hydrodynamic drag as larger particles
expose their surface to regions of higher fluid velocity. Good agreement between model predictions and
experimental results is observed for small ratios. When the ratio is in the range of ~0.7 to 1, particle
velocities are observed to decrease rapidly with an increase in size. This may be attributed to the effect
of the proximity of the free interface to the particle surface and the deformation of the free surface
induced by the moving particle. When the ratio is in the approximate range of 1 to 1.75, particles ceased
to move, due to the surface tension acting on the particle along the circumference of the contact radius
of the three-phase interface. For particles significantly larger than film thickness (ratio greater than
about 1.7), the particle velocity is observed to increase with its size, as the particle motion is aided by
the increased contribution from the gravitational force. For the range of film thicknesses and particle
sizes studied, there appears to be a range over which gravity force begins to dominate over surface
tension force.
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CONTRACTOR: Lawrence Livermore National Laboratory

University of California
Livermore, California 94550

CONTRACT: W-6405-ENG-48

CATEGORY: Geophysics and Earth Dynamics

PERSON IN CHARGE: F. J. Ryerson

Pore Scale Simulations of Rock Deformation, Fracture and Fluid Flow in Three Dimensions

S. C. Blair (925-422-6467; Fax: 925-423-1057; blair5@lInl.gov) with A. L. Ladd (Univ. of Florida),
and H. F Wang (Univ. of Wisconsin)

Objectives: The objective of this research is to provide new fundamental understanding of the coupling
of rock deformation and fracture behavior at the grain scale to macroscopic rock properties and to and
fluid flow.

Project Description: This project is concerned with simulation of rock deformation and fracture at
grain and larger scales. This project builds on an earlier OBES project in which a 2-dimensional field-
theory model for rock fracture was developed and then used to determine how heterogeneity in different
microscale parameters affects rock behavior in compression, and how macroscopic stress strain behavior
is related to the formation of cracks. More recently, we have extended our work to include simulation of
much larger rock masses and deformation in 3-dimensions. An accelerated 2-dimensional simulator has
been implemented using fast multipole methods (FMM) to perform the necessary calculations in optimal
time and with reduced memory usage. This approach permits much larger problems to be solved. In
particular, it is now possible to study the dependence of sample strength on sample size over several
orders of magnitude in scale-up. In addition, the FMM can be “tuned” to give the desired trade-off
between efficiency and accuracy.

Results: We have performed preliminary simulations of Brazilian tests to investigate the influence of
scale upon strength. Although many applications involve large rock masses, it is usually only practical
to test small samples, and experimentally it is observed that compressive strength decreases as sample
size increases. Numerical simulations can complement laboratory results by providing a means to relate
field scale properties to laboratory scale measurements. Preliminary simulations of Brazilian tests show
that as expected, increased sample size resulted in decreased strength. Moreover, we found that
increasing the heterogeneity of grain strength and shape led to decreased sample strength. Our results
also indicate that larger perturbations of grain strength and shape induce a faster drop in strength with
increasing size.

We plan to use this computational tool to consider more realistic distributions of microscale
heterogeneity. In particular, failure in rock with spatially correlation of grain strength and shape will be
considered.
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Three-dimensional Analysis of Seismic Signatures and Characterizations of Fluids and Fractures
in Anisotropic Formations

P. A. Berge (925-423-4829; Fax: 925-423-1057; bergel @lInl.gov), J. G. Berryman (925-423-2905;
Fax: 925-422-1002; berrymanl @lInl.gov)

Objectives: Our major objective is to obtain constraints on lithology in fluid-filled anisotropic rocks by
using rock physics theories for anisotropic and poroelastic media. We are collaborating with
investigators on related OBES projects at the Colorado School of Mines and Stanford University, who
are developing techniques for obtaining anisotropy parameters from seismic reflection data (CSM) and
relating laboratory measurement information to modeling and field data (Stanford). By using our
theoretical methods to model the anisotropy parameters recovered from seismic data, we can find ways
to improve analysis of seismic reflection data collected in areas where the geology is complicated by
anisotropy and heterogeneity.

Project Description: CSM collaborators are generalizing anisotropic velocity analysis techniques to
account properly for vertical inhomogeneity and dipping structure, so that the technique will be
applicable to a wide range of exploration problems. The LLNL/Stanford group is working on developing
and analyzing rock physics models that describe transversely isotropic media, particularly to determine
how these models may constrain lithology. Stanford is focusing more on laboratory measurements and
anisotropic signatures of fractured rocks, and LLNL is focusing on fluid effects and poroelasticity in
anisotropic rocks. Topics of research include determining what constraints on lithology can be found
from the anisotropy and poroelasticity parameters and what information is sufficient and necessary for
the constraints. The overlying questions are how to do lithologic interpretation of the anisotropic
parameters obtained from field data, and the possibility of incorporating shear-wave data into the
velocity analysis and lithology interpretation.

Results: (Stanford and CSM results are described elsewhere.) LLNL researchers have shown how
poroelastic parameters in rocks may differ from values generally assumed in oil industry models. These
results were presented at the 1998 Biot Conference on Poroelasticity and were submitted to Geophysics.
LLNL researchers have also developed a new method for using P and S velocities to obtain information
about rock saturation. This work was presented at the 1999 annual meeting of the Society of Exploration
Geophysicists and a Stanford workshop, and was submitted to the Journal of the Acoustical Society of
America and to Geophysics. Results for relating fluid distribution in partially saturated anisotropic rocks
to measured seismic parameters and effects of fluids on anisotropy parameters were submitted for
presentation at an OBES symposium. A paper on anisotropy parameters and lithology in layered media
was published in Geophysical Prospecting.

Visco-, Thermo-, and Poroelasticity of Rocks and Rock/Fluid Mixtures
J. G. Berryman (925-423-2905; Fax: 925-423-6907; berrymanl @lInl.gov)

Objectives: Our main objective is to understand factors affecting physical properties of rocks in order
to improve our ability to predict rock behavior from knowledge of rock components. One new tool
developed to accomplish this objective is the recent discovery of exact results in poroelasticity and
thermoelasticity for two component composite rocks and the application of these ideas to effective
medium theories for poroelastic composites. This project exploits these as well as other new results,
with the expectation that new insight into the poro-, thermo-, and viscoelasticity of rocks will result.
Such insight should prove important for understanding partial melt in both the upper and lower mantle,
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for clarifying earthquake source mechanisms, for interpreting seismic reflection survey data for oil and
gas exploration, for oil field engineering practices related to drilling and pumping, and for related issues
in environmental cleanup of DOE sites. This type of information is important for interpretation of both
seismic and electrical geophysical field data.

Project Description: Four major approaches are being considered in this project:
e development and application of viscoelastic property bounds to rock/fluid mixtures;
e volume averaging methods for rock/fluid mixtures;
e double-porosity/dual-permeability methods for fractured reservoirs;

e development and use of a new generalization of Eshelby’s formula from elasticity theory for
poroelastic and thermoelastic composite inclusions analysis problems.

These types of results are all of interest in the oil and gas industry. The same basic framework can also
be employed to treat reservoir characterization problems, especially regarding the effects of changing
stress on matrix and fracture permeability in double-porosity models used for reservoir pumpdown
studies. In addition to single-fluid reservoir analysis, related ideas have been applied to partial
saturation problems, in which both gas and oil, or gas and water may be present and distributed
thoroughout the reservoir volume in a complicated, inhomogeneous manner. Related ideas
(Gassmann’s fluid-substitution formulas) can play a very significant role in interpretation of seismic
AVO (amplitude versus offset) data used as direct hydrocarbon indicators.

Results: The most exciting new work this year is in the area of partial saturation analysis. This work
builds on previously funded BES work in anisotropy, wherein it was determined that the most important
variable determining Thomsen’s parameters in anisotropy analysis is, surprisingly, Lame’s elasticity
parameter known as lambda. For rocks containing fluids, we have shown that this is also the parameter
that depends most sensitively on the pore fluid’s physical properties. Thus, plots of seismic velocity
(both compressional and shear are required) emphasizing changes in lambda have the power not only to
determine the magnitude of the liquid saturation present, but also (and this was also a big surprise to all
of us) to distinguish homogeneous from inhomogeneous (patchy) saturation. Papers on this topic have
been submitted to Journal of the Acoustical Society of America and to Geophysics. Our most recent
work in this area shows that seismic impedance (density times velocity) data that are typically obtained
in seismic reflection surveys can also be used to accomplish the same results. This fact has significant
implications for improvements to seismic AVO analysis. We also discovered this year that it was
possible to use Gassmann’s equations to study seismic velocity decrements due to partial melt in the
lower mantle. The new approach we developed takes advantage of the fact that Gassmann’s equations
do not depend explicitly on the microstructure of the porous Earth, but only on the fact that the pores are
connected and the pertinent time scales long. A preliminary version of this work was published in
Geophysical Research Letters. In collaboration with researchers at the University of Wisconsin, we had
previously developed methods to determine and in some cases drastically reduce the number of elastic
coefficients required to describe the behavior of a double-porosity system in the presence of changing
pore pressure for applications to reservoir pumpdown. This work was published in the Journal of
Geophysical Research. Subsequent work in this area has been done on elastic wave propagation
through such media, leading to equations that permit the parameters that determine wave speed and
attenuation to be decoupled in a significant new way. This work is scheduled to appear in International
Journal of Rock Mechanics, and extensions of the work continue through studies of methods to estimate
coefficients in these equations that can be computed from knowledge of the constituents and their
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physical properties. This last mentioned work is in collaboration with Professor Steven Pride from
France and will be submitted for publication sometime during the summer of 2000.

Reactive Solute Transport and Processes of Dissolution and Deposition in Single Fractures in
Rock

William. B. Durham (925-422-7046; Fax: 925-423-1057; durhaml @lInl.gov), B. P. Bonner, W. L.
Bourcier, and A. Tompson

Objective: The objective of this research is to measure local rates of dissolution and precipitation on
the walls of individual fractures and correlate differences in reaction rates to changes local fracture
aperture. Much use will be made of high-resolution physical topography measurement and numerical
simulation of reactive flow.

Project Description: The experiments and simulations will be done on rock samples containing a single
laboratory-made or natural fracture. Detailed imaging of the fracture aperture before and after alteration
will be coordinated with measurements of fracture deformation, permeability, dispersivity, and effluent
composition, all as functions of pressure, temperature, temperature gradient, time, rock composition,
fluid velocity, and fluid composition. For the most part we will work with simple but relevant systems
in order to maximize our understanding and impact: samples will be monomineralic rocks with low
porosity and low bulk permeability (such as quartzites and marbles), under fully saturated, single-phase
flow conditions. We will attempt measurements in undersaturated, dual-porosity, and more chemically
complex settings as success dictates.

Results: We have completed several series of dissolution experiments on single fractures in two cores
of Carrara marble, have completed detailed topographic maps of all fracture surfaces before and after
each dissolution experiment, and have thoroughly analyzed the data. The results are quite surprising and
could significantly affect models reactive flow models currently in use. In summary, what the results
seem to indicate is that the “stability” of dissolution, i.e., the tendency for a dissolution front to smooth
out perturbations (stable) or to amplify perturbations (unstable) is scale-dependent. This in itself is not
unexpected, but in this experiment, we seem to have located the point of transformation from stable to
unstable dissolution, which in turn will allow rather precise tuning of reactive flow models set up to
simulate our experimental conditions. We found that at a scale of a few mm and below, dissolution is a
stable process: roughness and tortuosity in the fluid flow patterns (“‘channeling”) tend to become
smoother under the influence of dissolution. At the sample scale of many cm, dissolution is unstable:
flow becomes increasingly concentrated in a single, broad flow channel as dissolution proceeds. The
results have been written up in a preliminary draft, and further experiments are ongoing.
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The Role of Carbon and Temperature in Determining Electrical Conductivity of Basins, Crust,
and Mantle.

A. G. Duba, LLNL (925-422-7306, Fax: 925-423-1057; ) with T. J. Shankland, (LANL; 505-667-
4907; Fax: 505-667-8487; shankland@lanl.gov); and E. A. Mathez (American Museum of Natural
History; 212-769-5379; Fax: 212-769-5339; )

Objectives: The intent of this work is to comprehend the electrical conduction mechanisms in carbon-
bearing rocks and in mantle minerals for the purpose of relating electrical conductivity () measured in
the field to formation conditions and existing state of crustal rocks and to temperatures in the mantle.

Project Description: Electrical conductivity depends strongly on temperature T and on the presence of
other phases such carbon, fluids, or ore minerals at the lower temperatures of the crust and basins. Thus,
one research approach is to measure ¢ of mantle minerals as functions of temperature, orientation,
oxygen fugacity fO,, and iron content. These data supply the best models for "electrogeotherms" yet

available. Another approach is to document textures of carbon in crustal rocks from basins and
metamorphic zones and relate them to rock conductivity. In this case texture of carbon distribution is
mapped with electron microscopy in the same samples used for conductivity measurement. The
approach here is to measure electrical conductivity of the mantle's most volumetrically important
mineral phases under conditions appropriate to the entire mantle and to use these observations in an a
priori calculation of mantle conductivity.

Results: Recent laboratory measurements of electrical conductivity of mantle minerals are used in
forward calculations for mantle conditions of temperature and pressure for the entire depth of the mantle
beginning at 200 km and extending to the base at ~2800 km. The electrical conductivity of the Earth's
mantle is influenced by many factors, which include temperature, pressure, the coexistence of multiple
mineral phases, and oxygen fugacity. In order to treat these factors and to estimate the resulting
uncertainties, we have used several spatial averaging schemes for mixtures of the mantle minerals and
have incorporated effects of oxygen fugacity. In addition, to better calculate lower mantle conductivities
we report new measurements for electrical conductivity of magnesiowiistite (Mg goFeg 11)O. The
effective medium theory averages lie between the Hashin-Shtrikman bounds (theoretical limits on
calculated maximum and minimum conductivities) in the whole mantle. A laboratory-based
conductivity-depth profile was constructed using the effective medium theory average. Comparison of
apparent resistivities calculated from the laboratory-based conductivity profile with those from field
geophysical models shows that the two approaches agree well. The results apply to our understanding of
mantle dynamics, plate tectonics, and the distribution of heat sources beneath the crust.

Water distribution in partially saturated porous materials
J. J. Roberts (925-422-7108, Fax: 925-423-1057, robertsl7@lInl.gov)

Objective: To determine the distribution of water in partially saturated porous materials by measuring
the complex electrical properties and to investigate the relationships between electrical transport and
other transport properties in materials with well-characterized microstructures.

Project Description: The purpose of this project is to measure the frequency dependent electrical
properties of porous materials and relate the results to other transport properties and to improve the
interpretation of field EM measurements through better understanding of physical properties of partially
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saturated porous media. Measurements include dielectric constant and electrical resistivity as functions
of saturation, temperature and microstructural properties. The complex impedance is measured because
impedance spectra provide information regarding the number and arrangement of conduction
mechanisms, distribution of liquid phase, and microstructural properties. The fluids used to saturate the
samples have a range of ionic composition, and hence, electrical conductivity. This permits the
comparison of impedance spectra of samples at similar saturations to better understand the relationship
between fluid distribution and the corresponding conduction mechanisms. These measurements are of
particular importance because field electrical measurements in unsaturated regions (including electrical
resistance tomography, electromagnetic depth sounding, and induced polarization) depend on reliable
laboratory measurements for accurate interpretation. A number of geophysical problems including
remediation, enhanced oil recovery, geothermal reservoir evaluation and site monitoring depend on
reliable information regarding the interconnectedness and distribution of the fluid phase.

Results: Laboratory impedance measurements on natural sandstones continued, with results being
compared to previous measurements on fused glass bead samples. Results were presented at the 14th.
Workshop on Electromagnetic Induction in the Earth, Int. Union Geodesy Geophys., held in Sinaia,
Romania, 1998. Analysis of a previous dataset on olivine-basalt partial-melts, an analog for low
porosity, tight rocks led to a publication in J. Geophys. Res. A main result of that paper was the estimate
of permeabilities based on electrical measurements with varying degrees of melt fraction (porosity)
using the Katz-Thompson relationship.

Collaborations with LBL investigators continued to be fruitful, with two presentations and proceedings
papers at the 14th. Workshop on Electromagnetic Induction in the Earth, Int. Union Geodesy and
Geophysics. in Sinaia, Romania, and the SEG.

An experimental device was constructed that permits the measurement of electrical properties and
permeability on samples at temperatures up to 300°C, confining pressures up to 500 bars, pore pressures
up to 250 bars. Initial results on electrical properties during boiling in porous media drew interest from
the Geothermal Energy Program, the Yucca Mountain Project, and Fossil Energy.

CATEGORY: Geochemistry

PERSON IN CHARGE: F. J. Ryerson

An Experimental Investigation of Mechanisms Controlling Glass Dissolution

S. A. Carroll (925 423-5694; Fax: 925-422-0208, carroll6@lInl.gov) and W. L. Bourcier (925-423-
3745; Fax: 925-422-0208; billb@lInl.gov)

Objectives: The objective of this project is to identify the underlying molecular mechanisms responsible
for dissolution of glass and to utilize this understanding in the development of quantitative models for
predicting glass dissolution rates in nature.

Project Description: This project uses a combination of conventional glass dissolution experiments and
NMR to characterize the solution interface to determine the mechanisms controlling glass dissolution.
The dissolution behavior of simple SiO, glass was used to develop a mechanistic model based on three
principal observations: (1) the pH dependence of dissolution rates (2) the saturation effect and (3) the
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effect of absorbed alkali cations on dissolution rates. The results are relevant to a number of problems
including the stability of radioactive waste glasses, weathering of volcanic glasses, and obsidian
hydration age dating, among others.

Results: We have combined traditional batch and flow-through dissolution experiments, multinuclear
nuclear magnetic resonance (NMR) spectroscopy, and surface complexation modeling to re-evaluate
amorphous silica reactivity as a function of solution pH and reaction affinity in NaCl and CsCl
solutions. All of our NMR data suggest that changes in surface speciation are driven by solution pH and
to a lesser extent alkali concentrations, and not by reaction time or saturation state. The *Si cross-
polarization NMR results show that silanol surface complexes decrease with increasing pH. The pH
dependence of the alkali surface complexes is opposite to that of the silanol complexes (>SiOH). The
*Na and "“Cs NMR results show that the alkali cations form outersphere surface complexes and that the
concentration of these complexes increases with increasing pH.

We describe the silica—water surface chemistry using the triple-layer model using a combination of
spectroscopic and solution analyses to determine the deprotonation constant (log K  =-2.5 +0.5) the
exchange constants (log K ., .., =-7.5+0.4, log K _, ... = —0.6+0.4), and the capacitance constants (C, =
C,=6 Fm™). Constants derived from solution analyses alone do not fit our experimental data. The
dissolution behavior of silica glass as a function of solution pH and sodium concentrations can be
described as an exponential function of the concentration of ionized surface complexes (X
22°C as log (Rate) (mol m~ s) =-10.9 + 2.09 X ., . . v..» and at 70°C as log (Rate) (mol m™~ s™') = —
10.4 +2.91 X o . .con.. Changes in surface chemistry cannot explain decreases in dissolution as
amorphous silica saturation is approached. We find no evidence for repolymerization of the silanol

surface complexes to less reactive siloxane complexes at pH 4 and 10 at longer reaction times.

>Si0- + >SiO—Na+) at

Mineral Dissolution and Precipitation Kinetics: A Combined Atomic-Scale and Macro-Scale
Investigation

K. G. Knauss (925-422-1372; Fax: 925-422-0208; knauss@lInl.gov), C. M. Eggleston (307-766-
6769; Fax: 307-766-6679; carrick @uwyo.edu) and S. R. Higgins (307-766-3318; Fax: 307-766-
6679; shiggins@uwyo.edu)

Objectives: Our objectives are to build and test an atomic force microscope (AFM) capable of operation
at up to 150°C and 10 atm pressure, to apply this AFM to direct, in-situ, and real-time observation of
step dynamics during dissolution and growth of oxide and silicate minerals at elevated temperature and
pressure, and to use rate and stoichiometric data from parallel macroscopic dissolution and growth
experiments to interpret mineral rates using a combined microscopic Burton-Cabrera-Frank and
macroscopic surface-complexation model.

Project Description: This project combines atomic-scale and macro-scale approaches to the study of
mineral-fluid interaction in order to significantly improve our understanding of, and ability to predict the
course of, mineral dissolution and precipitation processes. We have successfully built a high
temperature-pressure flow-through AFM that allows atomic-scale kinetic experiments under
geologically relevant conditions for important oxide and aluminosilicate minerals. This is a unique
capability. Identical conditions are being investigated using macroscopic wet-chemical rate experiments,
including conditions both near and far from equilibrium. We are measuring rates of dissolution and
precipitation, determining activation energies, measuring rates of step motion across surfaces (including
anisotropy), and investigating step-step interactions that affect rate. With this capability, we can address
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many still-open questions concerning the exact forms for rate laws near and far from equilibrium, the
microscopic interpretation of these rate laws in terms of dissolution and precipitation mechanisms
operating under various conditions, and the question of what exactly the "active area of interaction" and
"active sites" are on mineral surfaces.

Results: During this fiscal we continued our studies of mineral dissolution and growth under
hydrothermal conditions using our unique Hydrothermal AFM (HAFM). We made detailed studies of
barite growth, continued investigating anorthite dissolution and began work on magnesite dissolution.
The results of our work were disseminated in papers published in Geochim. Cosmochim. Acta and
recently accepted by J. Phys. Chem. B. We began construction of a second HAFM at LLNL (the
prototype was built at U. Wyo.). This new system will utilize a compact plumbing board to simplify
control of temperature, pressure and flow. After testing expected to be completed in early FY00, the U.
Wyo. system will be upgraded. We established contact with Dr. Barry Coles (Oxford) and, based on his
work, are designing an inlet jet of precise geometry, which allows a priori calculation of the flow field in
the immediate vicinity of the tip. This will prove critical in observations made very near equilibrium.

Collaborative Research: Studies for Surface Exposure Dating in Geomorphology

R. C. Finkel (925-422-2044; Fax: 925-422-0208; rfinkel@Ilinl.gov) M. Caffee (925-423-7896; Fax:
925-422-1002; caffeel @lInl.gov)

Objectives: The objective of this research is an experimental and theoretical program to fully develop
the systematics of in-situ-produced cosmogenic nuclides in terrestrial surface samples and their
application to the dating of surface features and processes. This work includes determination of precise
production rates and production depth profiles, studies of altitude and latitude effects, intercalibration
with other methods, isolation of in sifu produced nuclides from other lithologies an development of in
situ produced 4C. This research is a collaborative endeavor between LLNL (Caffee, Finkel, AMS), UC
Berkeley (Dietrich, geomorphology; Nishiizumi, geochemistry) and LANL (Reedy, cosmogenic nuclide
modeling; Poths, noble gas mass spectrometry).

Project Description: In the past year this project, in its LLNL manifestation, has attacked two
components of the overall project objectives: In situ 14C and spallogenic 36Cl. 14C has a half-life, which
is significantly shorter than the other commonly measured in situ cosmogenic nuclides. This makes it
ideal for determining recent erosion rates and for burial dating of recent formations. Blank problems and
difficulties in quantitatively extracting “C from rocks have limited the applicability of this nuclide.
Work is nearly completed on constructing and calibrating an extraction line for determining “C in quartz
samples.

Many geologic problems, e.g., studies involving basalts, require dating of formations that do not contain
quartz. 36Cl is an alternative nuclide to use in these cases. The use of 3¢Cl is made more complex by the
existence of two modes of production: spallation from K and Ca and thermal neutron capture form CI.
The thermal neutron capture production has a very different depth profile and much greater dependence
on rock composition and moisture than does spallation. We have begun chemical studies to develop
methods for determining pure spallation 36Cl.
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Results: In the past year we have investigated the possibility of coupling 3°Cl determinations to our 10Be
and 26Al work in quartz by removing thermal-neutron capture 30Cl using sequential leaching before
determining the spallation component. We are in the process of carrying out sequential leaching
experiments on several granitic samples. 3°CI has been extracted from these leaches and measured by
AMS. We are currently measuring the concentration of target elements and of chlorine in the samples so
that we can assess the effectiveness of this approach. We are developing techniques for the extraction of
cosmogenic *°Cl from calcite. Two problems are being attacked in parallel: the chemical isolation and
purification of cosmogenic *CI and the measurement of ~ ppm levels of total CI in the dissolved rock.
Like the extraction of other cosmogenic radionuclides from minerals, the separation of meteoric *Cl1
from in-situ cosmogenic “Cl is critical. We are testing a procedure based on a series of water leaches
followed by nitric acid dissolution that appears to resolve meteoric from in-situ *°Cl. It is also essential
that the Cl concentration of the dissolved rock be determined. Typical techniques, such as ion
chromatograph, are not useful because of the high concentration of nitrate. Other techniques, such as
1on-specific-electrode, are unreliable for ppm levels of Cl. We have successfully developed an isotope
dilution technique to measure the total Cl. Terrestrial *'Cl/”Cl ratios are nearly uniform in crustal
materials. The addition of a *’Cl spike enables the unambiguous determination of the CI concentration of
the sample. We have developed a technique to measure all three isotopes of Cl simultaneously on the
Accelerator Mass Spectrometer. This technique required additional electronics and considerable
modification of the data acquisition software however all this has been accomplished and successfully
tested.

Dating depositional surfaces: Applications of in situ Cosmic-ray Exposure Dating

R. C. Finkel (925-422-2044; Fax: 925-422-0208; rfinkel@Iinl.gov), M. Caffee (925-423-7896, Fax:
925-422-1002; caffeel @lInl.gov), and F.J. Ryerson (925-422-6170; Fax: 925-422-1002)

Objectives: Cosmogenic isotope abundance patterns will be determined for a number of different types
of aggradational surfaces of known age in order to assess the applicability of this method for deposits of
this type. Such data are required if the climate and other information held in these surfaces is to be fully
exploited.

Project Description: Landscape evolution depends strongly on climate and tectonics, and landscape
history may in principle be inverted to obtain information regarding these two forcing factors. A major
group of landscape features consists of those involving the emplacement and modification of
depositional surfaces. Providing a temporal framework based upon cosmic-ray exposure dating for the
interpretation of such features is challenging, as they may be modified subsequent to deposition, and
may possess a pre-depositional exposure history. In the work described here, we propose to develop and
validate sampling and analytical methods for three different depositional settings in the western US:
debris flow fans, lacustrine shorelines and fluvial deposits using a combination of '"Be, *’Al, *'Ne and in
situ 14C at LLNL's Center for Accelerator Mass Spectrometry and associated facilities. Sampling
strategies will exploit the depth dependence of cosmogenic nuclide production to constrain inheritance
and post-depositional disturbance. The measurements will provide a basis for future investigations
requiring the dating of such surfaces, and provide additional constraints on Quaternary climate and
tectonics in the western US.

Results: In conjunction with Robert Anderson at UC-Santa Cruz we have dated fluvial terrace along the
Fremont River, Utah using cosmogenic '"Be and *°Al of quartz-rich clasts. The stochastic nature of burial

27



depth and hence in nuclide production in individual clasts during exhumation and fluvial transport, and
during post-depositional stirring, results in great variability in clast nuclide concentrations. We have
generated amalgamated samples of many individual clasts in order to average over their widely different
exposure histories. Depth profiles of such amalgamated samples allow us to constrain the mean
inheritance, to test for the possible importance of stirring, and to estimate the age of the surface.
Working with samples from terraces of the Fremont River, we demonstrate that samples amalgamated
from 30 clasts represent well the mean concentration. Depth profiles show the expected shifted
exponential concentration profile that we attribute to the sum of uniform mean inheritance and depth-
dependent post-depositional nuclide production. That the depth-dependent parts of the profiles are
exponential argues against significant post-depositional displacement of clasts within the deposit. Our
technique yields ""Be age estimates of 60 +/- 9, 102 +/- 16 and 151 +/- 24 ka for the three highest
terraces, corresponding to isotope stages 4, 5d and 6, respectively. The mean inheritance is similar from
terrace to terrace and would correspond to an error of similar to 30-40 ka if not taken into account. The
inheritance likely reflects primarily the mean exhumation rates in the headwaters, of order 30 m/Ma.

Thermodynamic and Transport Properties of Aqueous Geochemical Systems

J. A. Rard (925-422-6872; Fax: 925-423-6907; rardl @lInl.gov) and D.G. Miller (925-422-8074;
Fax: 925-422-0208; dmiller@lInl.gov)

Objectives: The objectives are to (1) measure precise and accurate osmotic/activity coefficients,
solubilities, densities, and mutual (Fick's law) diffusion coefficients for aqueous brine salts and their
mixtures and osmotic/activity coefficients for acidic sulfate mixtures; (2) develop reliable methods to
estimate such properties for multicomponent solutions from binary solution properties; and (3) calculate
generalized transport coefficients.

Project Description: The general techniques of classical thermodynamics and of linear irreversible
thermodynamics are used to understand and model equilibrium and transport processes in brines and
other aqueous electrolyte mixtures relevant to energy programs. Properties being measured are
osmotic/activity coefficients and solubilities by the isopiestic method, densities by pycnometry and
vibrating densimetry, and diffusion coefficients by Rayleigh and Gouy interferometry.

One major goal is to measure highly accurate data for systems involving geochemical brines and
chemical pollutants. A second goal is to develop estimation methods for accurate predictions of these
properties for aqueous electrolyte mixtures of arbitrary complexity, using the accurate new data as test
systems. Osmotic/activity coefficients are being analyzed using extended forms of Pitzer's equations,
and transport data are being analyzed as Onsager transport coefficients.

Results: We extended our diffusion and density experiments for mixtures of NaCl and Na SO, at 25°C
up to a total molarity of 3.0 mol/dm3, at molarity fractions of NaCl of 0.9 and 0.75, using Rayleigh
interferometry. These measurements at very high concentrations are only being made for solutions
containing high mole ratios of NaCl to Na,SO,, because of solubility limitations due to precipitation of
mirabilite at higher Na SO, ratios. These experiments supplement our previous measurements at 0.5 —
1.5 mol/dm3 at 25°C for the full composition fraction range, and were made using the Gosting
diffusiometer with computer-controlled data collection in real time. These diffusion experiments were
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performed in collaboration with Professor John G. Albright and a graduate student at Texas Christian
University.

Isopiestic vapor-pressure experiments were started for aqueous Na,SO, + MgSO, mixtures at high
molalities at 25 °C, since published isopiestic data for this system are extremely limited. We also began
isopiestic experiments for the aqueous H,SO, + AL(SO,), system at 25 °C, in part to understand the
dissolution of aluminum minerals in acid mine waste. We attempted to prepare the H,SO, + AL(SO,),
solutions directly from high-purity anhydrous Al (SO,), and aqueous H,SO,, but all the resulting
solutions had difficulties with formation of sparingly soluble aluminum hydroxy polymers. We were
able to prepare hydrolytically stable H,.SO, + Al(SO,), solutions using high-purity hydrated Al,(SO,),
and aqueous H,SO,, and these solutions are being used for our isopiestic measurements. The initial
measurements are at three ionic molality fractions z of H,SO, of z » 6/7, 5/7, and 4/7, and will later be
extended to the Al(SO,), rich composition region

During this period four journal articles were published, and two others were submitted for publication.
The first of these articles reports our isopiestic results for aqueous H,SO, + MgSO, mixtures at 25 °C,
and gives an analysis with extended ion-interaction (Pitzer) equations based on a speciation model that

includes Mg™, H', HSO, ™, and HSO,"". The analysis was done in collaboration with Simon Clegg of the
University of East Anglia. The second paper is a biography of Kenneth Pitzer that served as the
introduction to the Kenneth S. Pitzer Memorial Tribute, which was published by the Journal of Solution
Chemistry. The third published paper (co-authored with Kenneth Pitzer and his post doctoral fellows)
gives a method for generalizing Pitzer’s ion-interaction equation to include ionic-strength dependencies
for higher-order virial terms. The fourth published paper describes analogies and similarities between
the extraction of ternary diffusion data for liquid and for solid solutions, and was published in Acta
Materialia. An extensive critical review was made of the published thermodynamic data for aqueous
Na,SO,, a mole-fraction based equation of state was obtained that represented the available results
accurately from freezing temperatures to 150.5°C, and a manuscript was written and submitted for
publication. This review is in collaboration with Simon Clegg (University of East Anglia) and Donald
Palmer (Oak Ridge National Laboratory). Joseph A. Rard served as the guest editor of the Kenneth S.
Pitzer Memorial Tribute, which was published by the Journal of Solution Chemistry.
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CONTRACTOR: Los Alamos National Laboratory

University of California
Los Alamos, New Mexico 87545

Contract: W-7405-ENG-36

Person in Charge: D. R. Janecky (505-665-0253; FAX 505-665-8118; janecky @lanl.gov)
CATEGORY: Geophysics and Earth Dynamics

Fast 3D Seismic Modeling and Prestack Depth Migration Using Generalized Screen Methods

M. Fehler (505-667-1925; Fax: 505-667-8487; fehler@seismo5.lanl.gov) with R.-S. Wu (U.C. Santa
Cruz), M. N. Toksoz (Massachusetts Institute of Technology)

Objectives: The intent of this work is to develop and explore seismic modeling and imaging for regions
of complex geology that greatly improves on the results of conventional implementation of Kirchhoff
migration.

Project Description: Modeling and migration of seismic data are among the most important ways we
can learn about the structure of the Earth. The demand for processing large seismic datasets to obtain
high-quality images has thus become of critical importance. The finite difference method is the most
popular method for modeling wave propagation through complex structures. Finite difference can also
be used for migration; however, it requires enormous computational resources and is not feasible on
even the largest computers. The approach taken by this project for doing efficient and reliable modeling
and migration is to develop and explore use of dual-domain (space-wavenumber) methods for seismic
modeling and imaging.

Results: We have continued developing a suite of methods for doing efficient and reliable seismic wave
modeling and migration. The methods use generalized screen propagators for one-way wave equations.
Development of the extended local Rytov Fourier migration method has been demonstrated to provide
improved imaging results over standard methods and our Rytov code has been implemented into
petroleum companies’ processing systems. We also adapted a new method that is based on some work
in EM modeling for seismic modeling and migration, resulting in images comparable to our best
previous method but using considerably less computing time. Results using the methods have also been
applied to earthquake seismology to improve understanding how seismic waves scatter and attenuate in
interacting with the complex structure of the Earth's lithosphere
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The Role of Carbon and Temperature in Determining Electrical Conductivity of Basins, Crust,
and Mantle.

T. J. Shankland, (505-667-4907; Fax: 505-667-8487;shankland@lanl.gov) with A. G. Duba (LLNL;
510-422-7306; Fax: 510-423-1057;dubal @lInl.gov), and E. A. Mathez, (American Museum of
Natural History; 212-769-5379; Fax: 212-769-5339; mathez@amnh.org)

Objectives: The intent of this work is to comprehend the electrical conduction mechanisms in carbon-
bearing rocks and in mantle minerals for relating the electrical conductivity measured in the field to
formation conditions and existing state of crustal rocks and to temperatures in the mantle.

Project Description: Electrical conductivity depends strongly on temperature T and on the presence of
other phases such carbon, fluids, or ore minerals at the lower temperatures of the crust and basins. Thus,
one research approach is to measure the conductivity of mantle minerals as functions of temperature,
orientation, oxygen fugacity fO,, and iron content. These data supply the best models for

"electrogeotherms" yet available. Another approach is to document textures of carbon in crustal rocks
from basins and metamorphic zones and relate them to rock conductivity. In this case, the texture of
carbon distribution is mapped with electron microscopy in the same samples used for conductivity
measurement. The approach here is to measure electrical conductivity of the mantle's most
volumetrically important mineral phases under conditions appropriate to the entire mantle and to use
these observations in an a priori calculation of mantle conductivity.

Results: Recent laboratory measurements of electrical conductivity of mantle minerals are used in
forward calculations for mantle conditions of temperature and pressure for the entire depth of the mantle
beginning at 200 km and extending to the base at ~2800 km. The electrical conductivity of the Earth's
mantle is influenced by many factors, which include temperature, pressure, the coexistence of multiple
mineral phases, and oxygen fugacity. In order to treat these factors and to estimate the resulting
uncertainties, we have used several spatial averaging schemes for mixtures of the mantle minerals and
have incorporated effects of oxygen fugacity. In addition, to better calculate lower mantle conductivities
we report new measurements for electrical conductivity of magnesiowiistite (Mg, . .Fe, ,)O. The effective
medium theory averages lie between the Hashin-Shtrikman bounds (theoretical limits on calculated
maximum and minimum conductivities) in the whole mantle. A laboratory-based conductivity-depth
profile was constructed using the effective medium theory average. Comparison of apparent resistivities
calculated from the laboratory-based conductivity profile with those from field geophysical models
shows that the two approaches agree well. The results apply to our understanding of mantle dynamics,
plate tectonics, and the distribution of heat sources beneath the crust.

Nonlinear Elasticity in Earth Materials

P. A. Johnson, (505-667-8936, Fax: 505-667-8487; paj@lanl.gov), J. A. TenCate, T. J. Shankland,
E. Smith, and R. A. Guyer)

Objectives: Research objectives are to investigate the physical manifestations of nonlinear elasticity in
rock, including those indicating reservoir/repository characteristics and those affecting seismic
observations, and to characterize nonlinear properties of rocks. Of primary importance is developing and
applying a holistic model describing the nonlinear response of rock over broad stress-strain-frequency
ranges so that practical applications can proceed.
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Project Description: Increasingly rapid progress is being made in the field of dynamic nonlinear
elasticity of Earth materials. Roughly ten years ago three groups of scientists (at Los Alamos, at the
Institute of Applied Physics, and the Institute of Physics of the Earth in Russia) independently initiated
this research field. Early and continued OBES support has been instrumental in making it possible for
this research field to flourish. Today the field of dynamic nonlinear elasticity of Earth materials has
recognized importance in the domains of geomaterials, materials science, and strong ground motion, and
there are an ever-increasing number of researchers working within it.

Rocks display unique elastic behavior. They are extremely nonlinear, being hysteretic, possessing
discrete memory, and having slow dynamics [a long term memory of strain]. Although some of these
types of nonlinearities may exist in, for example, powdered metals, it is rocks that exhibit these
characteristics “in spades” (to quote a colleague). Thus, a study of nonlinearity in Earth materials
affords opportunities to apply research results to other materials as well. Nonlinear behavior plays a
central role in developing new methods with which to characterize rock properties, for instance,
interrogating the entire elastic microstructure of rock. Nonlinear attributes of rock have important
consequences on processes in the Earth such as earthquake strong ground motion, reservoir subsidence,
seismic wave propagation and attenuation, stress fatigue damage, hydraulic fracturing, etc. Our work
involves developing a comprehensive theoretical and experimental framework that (1) employs static
and dynamic laboratory investigation of rocks to provide a macroscopic and microscopic description of
the elastic state, and (2) provides for turning the microscopic description into a prescription for rock
properties that can be used to predict change in stress state, both static and dynamic.

Results: Several important questions were answered this year, many of them related to slow dynamics.
Many aspects of slow dynamics are reminiscent of static creep and much of the theoretical study this
year involved examining quasistatic creep systems and learning from them. An important distinction
separates slow dynamics from all other forms of creep: static creep is caused by a “dc” source whereas
slow dynamics is caused by an “ac” (sinusoidal) source. Several careful experiments were performed to
see if slow dynamics is a thermally activated process, i.e., does slow dynamics depend on temperature?
The answer is yes.

CATEGORY: Geochemistry

Uranium-Series Concordance Studies

M. T. Murrell (505-667-4299; Fax: 505-665-4955; mmurrell@lanl.gov), and S.J. Goldstein (505-
665-4793)

Objectives: The goal of this project is to provide unique information on the behavior of U-series
members in the environment using improved capabilities for Quaternary dating.

Project Description: Uranium-series disequilibria techniques are well-established and valuable tools
for geochronology and geochemistry. Such measurements have typically been made by decay counting;
however, there are considerable advantages in using mass-spectrometric techniques. We have previously
used BES funding to develop such techniques. The goal of this current proposal is to apply these new
mass spectrometric methods to answer basic questions in Quaternary dating and geochemistry.
Emphasis will be placed on: 1) modeling magma chamber processes using U-series disequilibria in
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young volcanic systems at Hawaii and Mid-Ocean Ridges and 2) evaluating “"U-"Pa and = Th-""Ra-Ba
disequilibria as a geochronometer for young volcanics using mineral isochrons and in carbonate systems
using a multi-element concordia approach. This work will provide information on the recent evolution
of magmatic systems and also has application to natural hazard risk assessment, paleoclimate studies,
and the carbon cycle.

Results: Travertines Of Central Italy: Evolution And Significance (with S. Rihs and N. Sturchio):
Degassing of CO,-enriched water emanating from thermal springs is accompanied by formation of
travertine deposits. Thus, travertines provide a record of CO, degassing. In this study we are correlating
the U-Th ages of Italian travertines with magmatic and geothermal activity, as well as with paleoclimatic
information, and we are evaluating the significance of the ages in relation to geologic and tectonic
setting. Our preliminary age determinations on a limited number of samples from Italian fossil travertine
deposits shows that there may have been a significant period of travertine deposition at about 250 ka.

Age Constraints on Lavas from the Axial Valley of the Mid-Atlantic Ridge, MARK Area (with M. Sturm,
E. Klein, and J. Karson): Mass spectrometric measurements of U-series disequilibria were used to
determine eruption ages for four basalt glasses collected by DSV ALVIN from the Mid-Atlantic Ridge
(MAR) south of the Kane Fracture Zone. To our knowledge, this is the first systematic uranium-series
dating study on well-located mid-ocean ridge basalts (MORB) from a slow-spreading ridge. These lavas
from the most robust volcanic edifices in the MARK area are 10-20 kyr old. The age-dates are used to
begin to quantify the temporal and spatial relationship of volcanic, tectonic, and hydrothermal processes
at slow-spreading oceanic ridges.

Mid Ocean Ridge Basalts at the EPR (with K. Sims, M. Perfit, D. Fornari, and R. Batiza): We have
measured U-Th-Ra and U-Pa disequilibria in a suite of ~20 samples from 9-10N EPR. In young axial
trough samples, our results indicate that **Ra excesses vary significantly and systematically as a
function of magmatic fractionation. Based on these data, upper limits on magma storage times in crustal
reservoirs for these lavas range from ~300-2,000 years. These estimates of residence time also enable us
to model magma chamber characteristics such as crystallization rate and magma chamber melt volumes
for this segment of the EPR.

U-Series Chronologies for Deep Sea Corals and Glacial Ice (with D. Lea and K. Nishiizumi): We have
applied sensitive uranium-series measurements by mass spectrometry to provide some of the first
radiometric dates for deep-sea corals and polar ice samples. U-series dates for deep-sea corals are
combined with radiocarbon dating to determine ventilation ages for deep-ocean water, both presently
and during the past glacial maximum (16 ka). Our results indicate that glacial deep-ocean circulation
was more sluggish than present, which may have significantly contributed to decreased atmospheric
pCO, for the past glacial period. Our U-series dating results for ice samples from Allan Hills, Antarctica,
suggest a young age for this ice, in conflict with published data measured by alpha spectrometry. Our
results suggest that radiometric dating of polar ice based on inherited U-series disequilibria from
precipitation may be feasible.
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Surface Exposure Dating in Geomorphology

R. Reedy (505-667-5446; Fax: 505-665-4414; rreedy@lanl.gov), with K. Nishiizumi (U.C. Berkeley,
510-643-9361; kuni@ssl.berkeley.edu), W. E. Dietrich (U.C. Berkeley) R. C. Finkel (LLNL]), and M.
W. Caffee (LLNL)

Objectives: The production of cosmogenic nuclides in terrestrial surface samples and the use of these
nuclides to date and characterize young (<1 Ma) surfaces are studied.

Project Description: Geological samples start accumulating cosmogenic stable and radioactive
nuclides such as 0.7-Ma 26Al once they are formed very near the surface or brought to the surface from
depths of many meters. These nuclides are often the only way to characterize the recent-surface record
of such samples, such as dating when they were exposed on the Earth's surface or inferring erosion rates.
To interpret the measurements of the concentrations of these nuclides in surface samples requires good
rates for their production. This project uses measurements of cosmogenic nuclides in well-characterized
samples plus numerical simulations using computer codes developed at Los Alamos to get better
production systematics for many in-situ-produced cosmogenic nuclides as a function of target
composition, elevation, and geomagnetic latitude.

Results: Recently measured cross sections for the production of these nuclides continue to be compiled
and evaluated. Work continued with Dr. J. Sisterson on measuring needed neutron cross sections at the
Los Alamos Neutron Scattering Center and other sources of energetic neutrons.

The code recently developed at Los Alamos, MCNPX, has been obtained for use in this work. This code
combines the latest version of the LAHET code with the low-energy-neutron code MCNP4B into a
single code. This code has the high-energy physics packaged FLUKA for use with incident GCR
particles having energies above ~10 GeV. The calculations done using the FLUKA package are better
for regions near the Earth’s equator with very high geomagnetic cutoff energies than with other packages
in high-energy transport codes at Los Alamos. Calculations made with MCNPX are being compared
with those calculated with other codes.

Contacts have been maintained with groups exposing artificial samples on the Earth's surface. Contacts
are being continued with others on the work being done on studying production rates with natural
samples. These and other measurements will be modeled using MCNPX in testing the ability of the
code to model the production of in-situ-produced cosmogenic nuclides.

Microbial Dissolution of Iron Oxides

L. Hersman (505-667-2779; Fax: 505-665-6894; hersman@lanl.gov) with P. Maurice (Kent State
University) and G. Sposito (U.C., Berkeley)

Objectives: Our overall objective is to determine the mechanisms of iron release during microbially
enhanced iron oxide dissolution by an aerobic microorganism. During this first year, work at Los
Alamos National Laboratory has been focussed on four aspects of the proposed research:

e Using high performance liquid chromotography (HPLC), purify a siderophore (produced by a
Pseudomonas sp.) for use in dissolution experiments at UC Berkeley,

e During dissolution, determine if reductants are being produced by the Pseudomonas sp.,
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e Conduct a series of growth experiments on various Fe oxides, and provide those same Fe oxides
for atomic force microscopy (AFM) analysis at Kent State University.

Project Description: The purpose of this research is to investigate the mechanisms used by aerobic
microorganisms to obtain Fe for growth. Currently little is known about Fe oxide dissolution processes
in oxic environments. Understanding these mechanisms is fundamental to a wide range of bio-geo-
chemical processes. For example, Fe oxides sorb a variety organic and inorganic pollutants, therefore
understanding the mechanisms of dissolution is important to understanding pollutant transport
phenomena. Los Alamos National Laboratory is investigating the growth characteristics of a
Pseudomonas sp. whose only source of Fe is either hematite or geothite. Additionally, we supply
siderophore for siderophore-mediated investigations at UC Berkeley and provide microbially reacted, Fe
oxide surfaces for AFM analysis at Kent State University.

Results: We have been investigating the production of reductants/reductases by aerobic microorganisms,
in response to variations in Fe availability. We have found that in addition to producing siderophores P.
mendocina produced both extracellular and cell associated Fe reductants in response to Fe deprivation and
Fe supplied as either hematite or FeEEDTA.

Because our work has demonstrated that P. mendocina dissolved Fe(Ill)(hydr)oxides in excess, and
because siderophore removed Pb from these oxides, it seemed probable that this microorganism also
may remove sorbed metals and radionuclides from Fe(IlI)(hydr)oxides. Therefore, we investigated
desorption of Pu from goethite by P. mendocina. We found that after 4 d growth at room temperature
(abs. of 0.55 at 600 nm) the microorganism removed approximately 20% of the sorbed Pu.

CATEGORY: Solar-Terrestrial Physics

Energy Transport in Space Plasma
S. P. Gary (505-667-3807; Fax: 505-665-7395; pgary@Ilanl.gov)

Objectives: The long-term goal of this research is to understand the flow of plasma energy in the near-
Earth space environment from a small-scale point of view. The objective of this research is to use
plasma theory, simulations, and data analysis to express the consequences of plasma microinstabilities
as concise relationships that may be used in large-scale models of space plasmas that describe the solar-
terrestrial interaction.

Project Description: Particle velocity distributions and parameters observed by Los Alamos plasma
instruments on scientific spacecraft as well as computer simulations are used to carry out fundamental
studies of plasma instabilities and associated transport in and near the solar wind, the Earth's bow shock,
and the terrestrial magnetosphere.

Results: Our most important accomplishment in 1999 was the demonstration that electromagnetic
fluctuations near the electron plasma frequency observed in the polar regions of the terrestrial
magnetosphere are likely to arise from electron/electron instabilities. The particle-in-cell simulations
that we used to show this result may provide the basis for a more complete understanding of electron
beams and their consequences in the polar magnetosphere.
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The Solar Wind-Magnetospheric Interaction
J. Birn (505-667-9232; Fax: 505-665-3332; jbirn@lanl.gov)

Objectives: The goal of this research is to further the understanding of the structure and dynamics of the
Earth's magnetosphere, coupled to the fast-flowing solar wind plasma on the one hand and to the
ionosphere on the other.

Project Description: The focus of this research is the investigation of the large-scale structure and
evolution of the Earth's magnetosphere, using theory, numerical modeling, and correlative studies of
data from multiple sites within and near the magnetosphere (including the Earth itself as well as
scientific satellites).

Results: Our most significant accomplishment in 1999 was a clarification of the mechanisms that cause
the collapse of the magnetic field in the Earth’s magnetic tail, based on computer simulations of the
dynamic evolution of the tail. Microscopic effects decouple particles from the magnetic field and enable
magnetic reconnection. The reconnection process then leads to accelerated plasma flow. These flows
subsequently distort the magnetic field and the ionosphere-magnetospheric current system. Contrary to
earlier expectations, we found that the important role in the collapse and diversion of the magnetotail-
ionosphere current system is played by plasma transport processes rather than anomalous dissipation.

Energetic Particle Acceleration and Transport
G. D. Reeves (505-665-3877; Fax: 505-665-7395; reeves@lanl.gov)

Objectives: The overall goals of this project are (1) to better understand the acceleration and transport
of energetic particles during magnetic storms, substorms, relativistic electron enhancements, solar
energetic particle events, and other magnetospheric processes, (2) to develop empirical models of the
structure and dynamics of the Earth's radiation belts and other energetic particle regions, and (3) to
develop a better understanding of the space environment as a system and to better understand the effects
of the space environment on spacecraft and their operations.

Project Description: This effort concerns the analysis of energetic particle data from a variety of US
programmatic and NASA scientific satellites. Those include the series of geosynchronous spacecraft that
carry Los Alamos energetic particle detectors, the GPS satellites that also carry Los Alamos energetic
particle detectors, NASA’s POLAR satellite, and others. The energies of the particles of interest range
from keV to hundreds of MeV. The lower end of this range lies somewhat above the thermal plasma
energies and is therefore sensitive to local acceleration processes such as magnetospheric substorms.
The higher end of the energy range is well suited to the study of energetic particles in the Earth's
radiation belts and those that can penetrate the Earth's magnetic field, such as galactic cosmic rays and
particles produced in solar flares. We also investigate the effects of those particles on spacecraft systems
and instrumentation.

Results: Our most important accomplishment in 1999 was the development of a new technique to
remotely image the energetic particle populations in the Earth’s magnetosphere using Energetic Neutral
Atom (ENA) Imaging. Since producing the first ENA images of the Earth’s radiation belts in 1997, we
have had considerable success applying the technique to problems in space physics. The most recent
result concerns the similarities and differences between energetic particle injections in geomagnetic
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storms and the smaller and less energetic “substorms”. In other recent work we have used simultaneous
measurements of the Earth’s relativistic electron belts from up to 11 satellites to create time-dependent
“data synthesis” models of the Van Allen radiation belts. We have also applied that technique to four
different relativistic electron events, which provided the first evidence for several common, underlying
characteristics of relativistic electron acceleration.
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CONTRACTOR: Oak Ridge National Laboratory

Lockheed Martin Energy Research Corporation
Oak Ridge, Tennessee 37831

CONTRACT: DE-AC05-960R22464
CATEGORY: Geochemistry

PERSON IN CHARGE: David. R. Cole

Thermodynamic Mixing Properties of C-O-H-N Fluids
J. G. Blencoe (423-574-7041; Fax: 423-574-4961; blencoejg@ornl.gov), J. Singh, and L.M. Anovitz

Objectives: Thermophysical data for CO,-CH,-N,-H,0-NaCl fluids at high temperatures and pressures
are insufficient in quantity and quality to permit formulation of accurate equations of state (EOSs) for
natural, deep-seated fluids in the Earth’s crust (hydrothermal waters, natural gas, efc.) Such equations
would have numerous applications in geochemistry, including geothermal- and hydrocarbon-reservoir
hydrodynamics modeling, calculation of fluid-rock equilibria, predicting permeability changes in
resource host rocks, quantifying contaminant transport, and characterizing global cycling of greenhouse
gases.

Project Description: Experiments are performed with binary and multicomponent mixtures of CO,,
CH,, N,, H,O, and NaCl at temperature-pressure conditions similar to those encountered in deep
aquifers, sedimentary basins, geothermal fields and many ore-forming environments. Volumetric
properties and liquid-vapor phase relations are determined with high precision and accuracy using a
unique vibrating-tube densimeter designed for operation at 50-500°C and 5-200 MPa. The activity-
composition relations of the fluids are measured using another unique facility: a hydrogen-service
internally heated pressure vessel capable of operation at high hydrogen fugacities, with an overall
operating range of 100-1100°C and 5-800 MPa. Laboratory experiments and thermodynamic modeling
are closely integrated to optimize the efficiency and effectiveness of data acquisition and EOS
development.

Results: Density and liquid-vapor equilibrium data for CO,-H,O fluids at 300°C are scarce and of
uncertain accuracy. Therefore, a vibrating-tube densimeter was used to determine the densities and
liquid-vapor phase relations of CO,-H,O mixtures at closely spaced intervals of pressure (P) and mole
fraction CO, (X_,) at 300°C, 7.44-99.93 MPa.

Liquid-vapor coexistence limited the range of composition over which measurements could be made at
pressures from 8.6 to ~56.5 MPa. Nonetheless, four characteristics of the data are evident:

(e(02]

(1) at 7.44 MPa, fluid density increases slowly and continuously from X, =0to X, = 1;

(2) at pressures from 8.6 to 99.93 MPa, and particularly at pressures below 40 MPa, H,O-rich
fluids are much more dense than CO,-rich fluids;

(3) the densities of CO,-rich fluids increase sharply from 7.44 to 99.93 MPa; and

(4) density vs. X,
at higher pressures.

is nearly linear at 7.44-19.94 MPa, but distinctly nonlinear (concave upward)
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The new density data, and equations of state for CO, and H,O, yield excess molar volumes (V) for the
fluids. At 7.44 MPa, V" vs. X, is nearly symmetric, with a peak excess molar volume of ~20 ¢cm’/mol
at X, = 0.5. However, with an increase in pressure from 7.44 to 9.94 MPa, V= vs. X ., becomes highly
asymmetric toward H,0, with a peak excess molar volume of ~250 cm’/mol at X, = 0.2. This value is
nearly 75% of the molar volume of the mixture, reflecting extreme nonideality of the fluid. At pressures
above 9.94 MPa, H,O-rich fluids have negative excess molar volumes. Finally, the results also indicate
that, from 9.94 to 99.93 MPa: (1) V= vs. X, for H,O-rich mixtures becomes progressively less negative;
and (2) excess molar volumes for CO,-rich fluids are continuously positive, but decrease steadily to
values < 5 cm’/mol.

The vibrating-tube densimeter was also used to acquire density and LVE data for N,-H,O fluids at
closely spaced intervals of pressure and mole fraction N, at 300°C, 7.44-99.93 MPa. As in the CO,-H,O
system at 300°C, P > 8.6 MPa, liquid-vapor coexistence limited the range of composition over which
density measurements could be made. However, in the N-H O system, the field of liquid-vapor stability
is much more extensive than it is in the CO,-H,O system, extending up to—and beyond—100 MPa. This
limits the stability field of H,O-rich fluids to a very narrow range near the H,O sideline. In addition,
whereas—as in the CO,-H,O system—H,O-rich fluids are much more dense than gas-rich compositions,
this density contrast is even greater in the N,-H,O system. From 9.94 MPa to 99.93 MPa, the densities of
N,-rich fluids vary from ~5% to ~50% of those determined for H,O-rich compositions. In contrast, in the
CO,-H,0 system at 300°C, 9.94-99.93 MPa, the densities of CO,-rich compositions rise to values near
80% of those determined for H,O-rich mixtures. Finally, the results also indicate that, at a given
pressure, the effects of composition on density are more linear for N -rich N -H,O mixtures than for
CO,-rich CO,-H,0 fluids.

Excess molar volumes for N,-H,O mixtures at 300°C, 7.44-99.93 MPa, calculated from our new density
data for those fluids, and equations of state for N, and H,O, are similar, both in pattern and in magnitude,
to those determined for CO,-H,O fluids. The principal differences are that:

(1) at a given pressure and mole fraction of gas equal to or greater than 0.2, the excess molar
volume of the N,-H,O fluid is slightly larger than that of the corresponding CO,-H,O fluid; and

(2) because, at 300°C, 9.94-99.93 MPa, liquid-vapor coexistence is more extensive in the N-H,O
system than in the CO,-H,O system, the compositional range where V* is negative is much
narrower in the former system than in the latter.

Fundamental Research in the Geochemistry of Geothermal Systems
J. Horita (865-576-2750; Fax: 865-574-4961; horitaj@ornl.gov), D. R. Cole, and D. J. Wesolowski

Objectives: The objective of this project is to provide fundamental information on geochemical
reactions that play pivotal roles in a wide range of geological processes, but that specifically impact
reservoir dynamics, corrosion, and heat extraction in active geothermal systems. The speciation of
elements in aqueous solutions, mineral solubilities, kinetic and equilibrium partitioning of stable C-O-H
isotopes, and other fluid-solid interactions are primary subject areas for this research.

Project Description: At Oak Ridge National Laboratory, a long-term basic research program in
experimental hydrothermal geochemistry, stable isotope geochemistry, and igneous petrology has led to
the development of unique methodologies for extracting rigorous and unambiguous information on a
wide range of geochemical processes. This capability permits the efficient and definitive examination of
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specific problems hampering the ability to quantitatively model fluid-rock interaction processes related
to the discovery and exploitation of geothermal resources. Research topics in this project are selected in
close cooperation with geothermal industry representatives and are frequently augmented by parallel
research on more applied aspects of the same problems funded by the U.S. Department of Energy’s
Geothermal and Wind Technologies Program.

Results: During the current funding period, our activities have been focused the experimental and
theoretical examination of the effect of pressure and fluid composition, which both vary widely in
geothermal systems, on isotope partitioning between brines, steam, and minerals at elevated
temperatures and pressures.

Pressure effects on D/H isotope fractionation were determined in the system brucite [Mg(OH),]-pure
water at 200-500°C and at 21-8000 bars, using the partial isotope exchange technique. The measured
D/H fractionation factor between brucite and water increased systematically from -31.4 to -19.3 per mil
with increasing pressure from 150 to 8000 bars at 380°C. A good linear relationship was observed
between the measured fractionation factor and the density of water (0.07 to 1.04 g/cm’). Our
experimental results on brucite-water at 200”C at 21 bars, 300°C and 100 bars, 400°C and at 500 bars,
and at 500°C and 800 bars, together with the literature data, also show a positive relationship between
the D/H fractionation factor and the density of water at each temperature. D/H pressure effect appears
even larger at 200-300°C.

The effect of 1-5 molal NaCl on D/H fractionation factor between brucite and water at 200-500°C
showed that dissolved NaCl slightly, but consistently increased brucite-water D/H fractionation at all the
temperatures studied. Our results of the effect of dissolved NaCl on brucite-water D/H partitioning at
380°C, and at 200 and 250 bars suggest that the NaCl effects are pressure-dependent. These new results
demonstrate that isotope fractionation is a function, not only of temperature, but also of pressure and
fluid composition.

Molecular dynamic simulations of water at elevated temperatures were also initiated The water model
SPC-mTR is a good candidate for simulations of the isotopic properties of water at elevated temperature
and pressures, because this model uses an anharmonic Morse term for the intramolecular O-H stretching,
and simulates the liquid-vapor curve in excellent agreement with the experimental data. H,O and HDO
simulations were carried out on both liquid and vapor at 27 and 300°C as well as on a high-density liquid
(0.99 g/cm’) at 300°C. The simulated vibrational spectra reproduce experimental observations with
spectroscopic methods. The O-H bands blueshifts with increasing temperature, while the H-O-H band
redshifts. Pronounced peaks in the low-frequency region (bending and stretching of hydrogen bonds,
librations) disappear with increasing temperature and are replaced by a rather continuous spectrum. With
increasing density at 300°C, the O-H stretching redshifts and the H-O-H band blueshifts.

The raw simulated densities of water have been used to calculate reduced partition function ratios and
the liquid-vapor D/H fractionation. These first results overestimated the fractionation significantly,
compared to the experimental results. However, they qualitatively predict the experimentally observed
crossover in liquid-vapor D/H fractionation at 220°C. In addition, the predicted pressure/density effect in
the liquid at 300°C is in qualitative agreement with the experimental results.

40



Ion Microprobe Studies of Fluid-Rock Interaction
L.R. Riciputi (865-574-2449; Fax: 865-576-8559; i79@ornl.gov) and D. R. Cole

Objectives: The objective of this research is to investigate how the microscale elemental and isotopic
record, accessible using ion microprobe analysis, can be used to understand mass transfer processes
occurring during fluid-rock interaction at low to moderate temperatures in the Earth’s crust, studying
both natural and experimental samples.

Project Description: In this project, the ability of ORNL’s Cameca 4f ion microprobe to obtain
quantitative element and light (H, B, C, O, S) isotope ratio analyses with a 5-30 micron spatial
resolution are being developed and applied to studies of fluid-rock interactions in a variety of settings, in
both natural and experimental systems. The ion microprobe data is typically integrated with information
obtained using a variety of other techniques, petrographic studies, conventional bulk gas source and
thermal ionization isotope ratio analyses, electron microprobe, and fluid inclusion analysis. Primary
areas of investigation include (1) use of the microscale isotope record to study mass transport during
large-scale fluid-rock events, (2) determination of both diffusion rates and equilibrium water-mineral
isotope partitioning factors in the O, H, and C systems, and (3) utilizing microscale isotopic and
elemental disequilibrium in natural settings to study the duration of fluid-rock events.

Results: An ion microprobe study was initiated on authigenic K-feldspar and quartz cements from the
Mount Simon Sandstone in the Illinois Basin (and surrounding areas) to obtain a better understanding of
the regional event that formed the widespread K-feldspar cement formed across the mid-continent at
~400Ma. Six samples have been examined from a 600km, south-north traverse through southern Illinois
to mid-Wisconsin. Average K-feldspar oxygen isotope values increase over 10 per mil from the
southernmost, most deeply buried sample (+13 per mil) to outcrop samples from the Wisconsin Arch
(+24 per mil), with oxygen isotope values in quartz cements displaying similar trends. Fluid inclusion
data from three samples suggests that temperatures were relatively constant across the basin, implying
that temperature fluctuations cannot be used to explain the regional isotopic gradient. These data imply
that the regional gradient in oxygen isotope values is due to isotopic enrichment in the fluid resulting
from progressive diagenesis. The isotopic pattern suggests a northward flow vector, with a possible
source of superheated fluids from deeply buried sediments in the Reelfoot rift.

A microscale investigation of oxygen isotope zonations in the Boehls Butte Anorthosite, Idaho was
conducted to better understand fluid-rock interactions during the alteration of this anorthosite. Most
previous observations suggest that alteration occurred before a high pressure and high temperature
regional metamorphic event between 80 and 50Ma, but cathodoluminescence observation suggests that
alteration could be post-peak metamorphic. The ion microprobe reveals the presence of large (>10 per
mil) gradients isotopic gradients in single thin sections, and gross isotopic disequilibrium between slow
diffusing kyanite formed during peak metamorphic conditions and fast diffusing feldspar. These
observations indicate that large-scale hydrothermal alteration took place after the peak of
metamorphism, during rapid uplift between 54 and 48Ma, and the lack of alteration in the feldspars
suggest that fluid-rock interaction occurred while the rocks were still very hot (>500°C).

Micro-scale oxygen isotope patterns were also documented in altered feldspars from the Rico Dome
hydrothermal system, San Juan Mountains, CO. Zoning profiles display a marked change in samples
from the periphery of the hydrothermal system to the core. Distal samples having zoning that goes to
displays increasing values relative to the cores (up to +14 per mil relative to +9 per mil), with zoning
confined to narrow (<200um) rims, and Ca/Na ratios well-correlated with oxygen isotopes.
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Intermediate samples display more extensive alteration, with rims zoned to lower oxygen isotope values
(<0 per mil), and some decoupling between isotope and chemical composition. Samples from the core
of the system are completely exchanged isotopically (to -8 per mil), although there are still chemical
zonations present. These trends indicate that isotopic and chemical exchange are somewhat decoupled,
and provide insight into the nature and duration of the meteoric hydrothermal system.

Continued examination of hydrogen depth profiles to date obsidian artifacts and delineate hydrogen
transport mechanisms in glasses at low (10-150°C) temperatures shows considerable promise. Both
hydration depth and maximum water content in the hydration profiles correlate very well with exposure
age, although the rate appears to be non-constant. Based on analysis of a suite of obsidian artifacts from
the Chalco site, Mexico, an empirical rate model has been developed. Ages obtained for obsidian
artifacts using this model agree quite well (typically within 50 years) of dates determined from
associated charcoal using “C dating. A series of controlled hydration rate experiments have been
initiated at 30 to 150°C to help us better quantify natural hydration rates and mechanisms.

Experimental Studies of Fundamental Stable Isotope Exchange Reactions
J. Horita (865-576-2750; Fax: 865-574-4961; horitaj@ornl.gov), D. R. Cole, and D. J. Wesolowski

Objectives: The objective of this project is to obtain reliable information on the partitioning of the
stable isotopes of oxygen, carbon, and hydrogen among minerals and fluids of critical importance in
defining fluid-rock interaction parameters, such as fluid sources and fluxes, temperatures, and duration
of fluid-rock interaction, in a variety of settings including oil, gas, and geothermal reservoirs,
sedimentary basins, and waste repositories.

Project Description: This project is currently focussed on: a) the oxygen isotope partitioning between
aqueous fluids and the mineral hematite and magnetite in the 25-800”C range; and b) the exchange rates
and equilibrium fractionation of hydrogen and carbon isotopes among gaseous species in the system
H,0-CO,-CH,-H,. Multiple novel experimental methods are used to promote recrystallization and/or
synthesis of the iron oxides minerals. Synthetic catalysts and natural minerals, including magnetite and
hematite, are investigated for isotopic exchange among the C-O-H gases.

Results: In our earlier work on oxygen isotope fractionation between magnetite and water, we used
either hematite to magnetite or iron metal to magnetite reactions at elevated temperatures and pressures.
These two reaction pathways, although, kinetically fast, proved to be somewhat problematic for the
purposes of facilitating equilibrium isotope fractionation. A new series of high temperature-high
pressure experiments have been conducted using a very fine-grained magnetite starting material reacted
with three of four isotopically different waters each containing 0.5 molal NaCl. Experiments at 1-2 kbars
have been completed at 500, 600, 700, and 800°C for durations ranging from 232 hrs (800°C) to as long
as 1798 hrs (600°C). Experiments of a similar nature are in progress at 300 and 400°C, 1kbars. SEM
observations indicate that considerable grain growth occurred during these experiments with some
grains coarse enough (>100 micrometers in diameter) for analysis by the ion probe. XRD results
demonstrate that magnetite is the only phase present in the run products. Nearly 100% exchange was
obtained at 600, 700, and 800°C; and over 90% at 500°C. We obtained the following fractionation
factors: -5.56, -6.34, -6.99, and -7.81 per mil at 800, 700, 600, and 500°C, respectively.

Isotopic fractionation was investigated during microbial siderite precipitation. Iron-reducing and
fermentative bacteria were cultured at 10-65°C in the presence of amorphous FeOOH and dissolved CO,.
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Fine grained (2-5 micrometers), cubic or rhombohedral siderite was precipitated together with
magnetite. "O/"°O values of siderite precipitated microbially slightly increases in early stages of the
incubation (<1 week), and then decreased several per mil to a nearly constant value after a month of
incubation. These results suggest that oxygen isotope partitioning of microbial siderite was controlled by
a biological effect in early stages, and later modified by an inorganic aging process (i.e., dissolution-
precipitation), gradually approaching toward equilibrium values. Our measured values of the oxygen
fractionation factor are reproducible and nearly constant regardless the species, and change
systematically with temperature. In addition, our values of microbial siderite fall along those of
inorganically precipitated siderite and theoretical calculations in the literature.

Experimental determination of the equilibrium carbon isotope partitioning between CO, and CH, was
completed between 200 and 600°C at a 50°C interval. A mixture of CO, and CH, was reacted in the
presence of a Ni catalyst. At all the temperatures investigated, the gas composition changed
significantly. Constant values of carbon isotope fractionation factor between CO, and CH, were reached
within analytical error from the opposite directions (complete isotopic reversal). Our experimentally
determined fractionation factor is slightly, but systematically (0.6-1.0 per mil) higher than those
calculated on the basis of statistical mechanics in the literature. All of our experimental data were
satisfactorily fitted to a simple equation. The behavior of carbon isotopes was investigated during the
formation of hydrocarbons from dissolved CO, under hydrothermal conditions. Dissolved CO, were
converted to CH, via intermediate product HCOOH in the presence of a Ni/Fe alloy at 200 and 300°C
and at 500 bars. The concentrations of CO,, HCOOH, and CH, can be modeled with a first-order
reaction with a decreasing reaction rate. The "C/"C values of CO, increased during the reaction, while
that of CH, formed was significantly lower than that of CO,, accompanied by a large kinetic isotope
fractionation. The observed carbon isotope profiles can also be understood with a first-order model with
two negative kinetic carbon isotope fractionations in each step. The “C/”C values of the abiogenic CH,
formed were as low as (-54 per mil) those typically for biogenic CH, in nature.

Potentiometric Studies of Geochemical Processes
D.J. Wesolowski (865-574-6903; Fax: 865-574-4961; wesolowskid@ornl.gov) and P. Bénézeth

Objectives: The objective of this project is to utilize ORNL’s unique, high temperature, hydrogen-
electrode, pH-measurement cells and other potentiometric approaches to study aqueous reactions and
water/mineral interactions relevant to DOE’s geoscience mission areas.

Project Description: The pH is considered the master variable in aqueous systems, controlling the
nature of dissolved species, the rates of homogeneous and heterogeneous reactions, the solubility and
absorbtivity of rock minerals, the transport and deposition of contaminants and ore components, the
volatility of mineral acids and the thermal stability of organic acids. In this program we develop and use
unique experimental facilities to directly measure the pH of aqueous solutions and the activities of
important dissolved ions over broad ranges of temperature, salinity and pH, and use these measurements
to quantify the dissociation constants of inorganic and organic acids and bases, the hydrolysis and
complexation of metal ions in solution and the solubilities and surface properties of minerals.

Results: The kinetics of gibbsite (Al(OH),) and boehmite (AIOOH) dissolution and precipitation are
being investigated at temperatures of 50 to 200°C using a unique pH-perturbation method in ORNL’s
high-temperature, hydrogen-electrode, pH-measurement cells (HECC’s). Solutions are permitted to

equilibrate with these solids, then acid or base titrant is added and the relaxation of the system back to
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the equilibrium state is observed by continuous pH monitoring and periodic sampling to determine the
total dissolved aluminum content of the solutions. In this way, the detailed rates and mechanisms of
mineral dissolution and growth at near-equilibrium conditions can be precisely determined, a region
difficult to study by conventional approaches, even at room temperature.

Detailed studies employing the HECC have also been completed on the proton-induced surface charge
of magnetite (Fe,O,) in 0.03 to 0.3 molal sodium trifluoromethanesulfonate (NaTr, a “non-complexing”
1:1 electrolyte) from 50 to 290°C. ORNL pioneered this approach with studies of rutile (TiO,) surface
charge, in collaboration with Dr. Michael L. Machesky of the Illinois State Water Survey, and the
magnetite studies constitute only the second mineral phase for which the proton-induced surface charge
has been determined as a function of pH and salinity at temperatures above 95°C. Studies have also
been initiated in collaboration with Dr. Machesky and Dr. Moira K. Ridley of Texas Tech University on
the effect of sulfate and oxalate on the surface charge of rutile at 25-75°C. It has been found that SO,”
interacts with the positively charged rutile surface (at pH’s below the point of zero charge) much more
weakly than the divalent oxalate anion, possibly due to the formation of bidentate or multidentate
complexes with charged surface sites.

The HECC was also used to complete a major study (in collaboration with Dr. Scott A. Wood of the
University of Idaho) of the solubility of Nd(OH), in dilute NaCl solutions from 30 to 290°C. The pH
was monitored continuously and samples were periodically withdrawn for total neodymium analyses.
Thermodynamic reversibility was demonstrated by subsequent additions of acid and base titrant under
near-equilibrium conditions. These studies permitted extraction of the stability constants for Nd** and
Nd(OH),° over a wide range of temperatures, and the intermediate species Nd(OH)** and Nd(OH)," at
the highest temperatures. The complete hydrolysis of Nd** (an excellent analog for trivalent actinides) to
the neutral tri-hydroxide occurs over a very narrow pH range, and no evidence for an anionic species,
such as Nd(OH),, was observed, even at quite high pH’s. These represent the first such studies of the
solubility and speciation of a rare earth element at temperatures above 100°C.

A new potentiometric concentration cell employing Hg/Hg SO, electrodes was developed for highly
precise and accurate measurement of the difference in SO,” concentration between a reference solution
of known sulfate concentration and a test solution in which the complexation of metal ions by sulfate is
investigated. With this apparatus the stability constants of Al(SO,)" and Al(SO,), complexes were
determined in 0.3, 0.5 and 1.0 molal NaCl solutions at 10, 25 and 50°C. These results were fit using a
Pitzer-type activity coefficient model and the resulting infinite-dilution constants were found to be
higher than any previously published work at low temperature. These new results agree quantitatively at
50°C with the aluminum sulfate complexation studies conducted earlier in this program at the same
temperature from gibbsite solubility measurements and at 50-125°C from homogeneous titrations in the
HECC. The new results place important constraints on weathering rates and aluminum toxicity
associated with acid rain and acid mine drainage (where high sulfate concentrations and very low pH’s
are encountered) in sensitive environments.

HECKC cell studies were also completed on the complexation of cadmium, a highly toxic metal
encountered in mixed wastes, with acetate, the most abundant organic acid anion found in groundwaters

and landfill leachates. The stabilities of Cd(Ac)” and Cd(Ac),° were determined in 0.1, 0.3 and 1.0
molal NaTr solutions from 50 to 250°C.
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Mechanisms and Rates of Isotope Exchange in Mineral-Fluid Systems
D. R. Cole (865-574-5473; Fax: 865-574-4961;coledr@ornl.gov), L. R. Riciputi and J. Horita

Objectives: The major objective of this research is to measure the rates of isotopic exchange between
mineral and fluids controlled by one of two general mechanisms: surface reactions leading to
recrystallization and volume diffusion.

Project Description: Equilibrium isotope fractionation factors and rates of isotopic exchange (via
diffusion or mineral transformation mechanisms) form the cornerstones for interpretation of stable
isotope data from natural systems. Microscale studies (high precision of small sample sizes or in situ
spot analysis) of mineral-fluid interaction in natural systems indicate that: (a) isotopic heterogeneity and
disequilibrium may be more widespread than previously realized, (b) isotopic disequilibrium can occur
at high as well as low temperatures, (c) different minerals exhibit varying susceptibilities to retrograde
fractionation and re-equilibration, and (d) the mechanisms of isotopic exchange are varied depending on
the prevailing geochemical conditions (e.g., temperature, pressure, fluid chemistry, fluid/solid ratio,
etc.). Because of the recent advances in analytical techniques, the need for accurate, reliable
fractionation factors and rate constants has never been greater. Realizing this need, we have focused our
BES research on the experimental determination of rates and equilibrium fractionations for a variety of
geologically relevant mineral-fluid (gas) systems for which data are either lacking, limited or, in some
cases, controversial.

Results: We determined the diffusivity of C and O in calcite reacted with dry CO, to establish the lower
limit on the rate of diffusion. Experiments in cold-seal hydrothermal vessels were performed at 100 MPa
over a range in temperature from 600 to 800°C. The starting materials were single crystals of Mexican
calcite that were pre-annealed to remove any non-equilibrium defects before the experiment. The single
crystals were placed in platinum capsules with CO, consisting of 99% "“C and 90% "O. After heating for
periods ranging from 7 to 147 d, C and O diffusion profiles were measured with the ion microprobe. The
diffusivity of Cis D, =7.77 x 10” exp(-166 * 16 kJ/mol/RT) cm’/s and of O is D, =7.5x 10" exp (-
242 + 39 kcal/mol/RT) cm’/s. The activation energies are lower than those for C and O diffusion at 1
atm, and the pre-exponential factor for C is several orders of magnitude lower than that measured at low
pressure. The combination of low activation energies for both C and O and the very low pre-exponential
factor for C is consistent with diffusion by a simple vacancy mechanism in the intrinsic region. Carbon
appears to diffuse as a carbonate anion group, and oxygen appears to diffuse primarily as a single anion.
Closure temperatures were calculated for isotopic exchange by diffusion.

In conjunction with single-crystal hydrogen isotope exchange studies, we have initiated hydrogen
diffusion studies in epidote, amphiloboles, brucite, and chlorite. A variety of museum-quality crystals of
epidote, brucite, chlorite, pargasite, and tremolite have been mineralogically characterized (e.g., SEM;
electron microprobe), cut, and carefully polished prior to hydrothermal experimentation. For example,
single crystals of epidote were reacted with varying amounts (50 — 100 mg) of 99% D,O at temperatures
between 200 and 600°C and a pressure of 2 kbar. Only those crystals that exhibited minimal roughness
(£0.1 wm) and an absence of surface mineral growth were selected for SIMS analysis. The ion
microprobe was used to determine D/H profiles parallel to the b crystallographic orientation (faster
direction). The diffusion coefficients for epidote between 200-600°C are slower than those estimated
from either a plate or cylinder model using more ambiguous bulk powder-water exchange data. It is
clear that we are just beginning to understand the reactivity of hydrous phases, the rates of H-isotope
diffusion in natural hydrous phases obtained from the ion probe, and how to quantify the factors that
govern hydrogen transport in hydrous phases.
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CONTRACTOR: Pacific Northwest Laboratory

Batelle, PNNL
Richland, WA

CONTRACT: DE-AC06-76RLO 1830
CATEGORY: Geochemistry

PERSON IN CHARGE: A. Felmy (509-376-4079; Fax: 509-376-3650; ar.felmy @pnl.gov)

Local Reactions on Carbonate Surfaces: Structure, Reactivity, and Solution

D.R. Baer (509-375-2375; Fax: 509-375-5965; dr_baer@pnl.gov), and J.E. Amonette (509-372-
6125; Fax: 509-376-6328; je_amonette @pnl.gov)

Objectives: The purpose of this program is to develop a fundamental, microscopic under-standing of the
structure and chemistry of carbonate surfaces, including the interactions between adsorbates and mineral
surfaces.

Project Description: This project involves an interdisciplinary theoretical and experimental effort
designed to gain a fundamental, molecular-level understanding of carbonate mineral surface structure
and chemistry. Carbonate minerals are particularly important in the global carbon dioxide cycle and in
subsurface contaminant migration processes. The availability of large, single crystals allows
fundamental measurements to be made on well-defined surfaces. By linking experimental studies of
geochemical reactions on single-crystal surfaces with first-principles quantum-mechanical model
calculations to describe the surface and interfacial structure and chemistry, a systematic study of the
factors controlling the surface chemistry of carbonate minerals can be made. In particular, the effects of
substitutional impurities and other point chemical defects on the structure and geochemical reactivity of
carbonate mineral surfaces and interfaces can be isolated and quantified. Moreover, this improved
microscopic understanding will eventually provide insights into the behavior of these materials in
natural systems.

The approach to meeting program goals involves three interdependent efforts: 1) developing ab initio
models for interpreting experimental observations regarding the structure and chemistry of the calcite
cleavage surfaces; 2) studying the structure and chemistry of the cleavage surface in vacuum; and 3)
comparing surfaces in vacuum with those in model geochemical environments. Many of the
experimental measurements involve the use of Atomic Force Microscopy. Collaboration with Prof.
Larry Sorensen at the University of Washington facilitates the comparison of the real space AFM with
inverse space x-ray scattering.

Results: In FY 1999, experimental work centered on observing growth of an Mn-containing phase on the
calcite cleavage surface in solution and measuring the impact of Ca on pit growth and fill-in.

The growth of a Mn-induced phase on the calcite surface had been observed in our previous
investigation of Mn-solution effects on calcite dissolution. This phase has a striking visual character due
to the rapid growth in one direction and growth to a maximum size in height and width (as shown in
Figure 1). Among the interesting properties of these Mn precipitates are the wide range of length, the
constant 3-nm height, and the small width variation of approximately 200 nm. We find that the
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precipitate growth rate initially increases with Mn concentration, subsequently slows as the general rate
of calcite dissolution decreases, and then increases again at higher Mn concentrations. However, at the
highest Mn levels, the high degree of orientation of the crystals decreases. Other measurements show
that initially the crystals grow in both width and length until the width reaches approximately 230 nm at
which time the width ceases to change, and the rate of overall length growth decreases slightly. The
height of the crystals is roughly that expected for a critical thickness within which there is no defect
formation. We assume that the width growth is limited by a strain effect. We have been unsuccessful at
fully characterizing the small phase; as a result, we do not have important information about lattice
mismatch, which is needed to further explain these observations.

A Masters of Science in Chemical Engineering thesis “Solution Effects on Calcite Dissolution” was
completed that extended our previous carbonate work in two areas. First a mixed kinetic rate expression
that relates step retreat velocities to the surface reaction and to the hydrodynamic conditions of the AFM
flow cell was developed. This expression facilitates an understanding of the experimental data from the
AFM for conditions in which both flow and solution composition effects play important roles. Second,
the effect of calcium solution concentrations on dissolution was measured. Earlier measurements had
shown that when HCO;, ions were added to the solution they influenced primarily one type of site along
one type of step. Ca™ on the other hand, influenced both step types and did not enhance pit rounding.
Another interesting result of this work was the observation that when solution concentrations reach
saturation, the corner of the closed steps serves as a nucleation site and pits begin to fill in. Having one
specific corner serve as the primary site allows the rate of that specific active site to be determined
during pit fill-in or calcite growth.

Several models for interpreting experimental observations were developed. A “blocking” version of the
terrace-ledge-kink (TLK) model was used to explain the effects of Mn and Sr on the rates of step retreat
or pit growth. If Mn or Sr ions sorbed on a step block dissolution when present then there may be a
fundamental change in behavior when the rate of arrival of a blocking ion becomes nearly identical to
the rate of double kink formation along a step. This model appears to explain experimental observations
quite nicely. The addition of back reactions to our Kinetic Monte Carlo (KMC) model for dissolution
was used to understand the sorption processes that occur during general dissolution. A 2-D cellular
automata KMC model simulates the effects of dissolution, re-adsorption, diffusion, and fluid flow on
calcite surface crystallographic step evolution and rate of motion. It reproduces the AFM wet cell data
in both the reaction-controlled regime (fast flow) and the diffusion-controlled (slower flow) regions. As
part of the MS thesis, a more engineering “solution flow” model helped to further our understanding of
the flow rate on solution and surface behaviors was developed.

Geometric and Electronic Structure of Oxide Surfaces
A. C. Hess (509-375-2052; Fax: 509-375-2426,anthony.hess@pnl.gov)

Objectives: Our program of study involves the development and use of first principles solid state
quantum mechanical methods to gain a fundamental understanding of the geometric and electronic
structure and chemical properties of oxide, transition metal oxide and aluminosilicate surfaces.

Project Description: Activities focus on detailed investigations of the adsorption, desorption and
diffusion of molecular and atomic species and the dissociative chemisoportion of molecular entities at
the internal and external surfaces of such materials.
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Results: A brief overview of the basic theory associated with periodic Gaussian basis density functional
theory will be given with particular emphasis on describing our recently completed formulation and
implementation of analytical first derivatives of the total crystal energy with respect to nuclear
coordinates (atomic forces). The addition of this new capability to the existing solid-state program
GAPSS has greatly increased our ability to investigate the geometric structure if complex
surface-adsorbate complexes. The overall behavior of the new force method, including absolute and
relative accuracy, will be illustrated by presenting detailed results from selected systems. To provide a
self-contained example of how first-principles methods can be used to understand the mechanisms by
which adsorbates influence surface geometric and electronic properties (and vice-versa) and to illustrate
some of the primary sources error in such calculations we will discuss the details of Group la metals
co-adsorbed with CO on a MgO (001) surface over a range of coverages. The metal to non-metal
transitions found at selected metal atom surface coverages and the influence of the metal electronic and
magnetic structure on the adsorption properties of CO will be presented in detail. Finally, the sensitivity
of both the geometry and energetics of the total co-adsorption system and its principle components to the
choice of gradient and non-gradient corrected density functionals will be described. The purpose of this
latter activity is to demonstrate how sensitive selected properties of weakly bound (or physisorbed)
systems can be to this common change in formalism.

Structure and Reactivity of Iron Oxide and Oxyhydroxide Surfaces and Interfaces

J.R. Rustad (509-376-3979; Fax: 509-376-3650; james.rustad@pnl.go), A.R. Felmy (509-376-4079;
Fax: 509-376-3650), D. A. Dixon (509-372-4999; Fax: 509-375-663); David.Dixon@pnl.gov), M.
Dupuis (509-376-4921; Fax: 509-376-0420)

Objectives: The objectives of this program are to (1) develop molecular models of hydroxylated ferric
and ferrous oxide and oxyhydroxide surfaces (2) use these models to better understand the relationship
between structure and reactivity for this class of minerals, and (3) use this knowledge to improve
thermodynamic calculations using surface complexation models.

Project Description: Ferric oxides have high specific
surface areas, high affinities for oxyanions and heavy
metals, and actively respond to changes in redox conditions
in natural environments. These minerals are therefore
important in a variety of low-temperature geochemical
processes, particularly those in which adsorption and
dissolution couple with fluctuations in redox potential. For
many solutes, measurements of sorption density versus
aqueous concentration suggest the presence of a
heterogeneous array of surface sites having a range of
affinities for the probing solute. Crystallographic
differences in coordination and geometrical arrangements
of surface oxide sites are a fundamental aspect of this
heterggeneity. In thi§ project, the effects‘ of crystal _ Figure. AFM image of calcite cleavage
chemistry on adsorption are evaluated using computational ¢ & - in solution showing an Mn-rich rod-
molecular modeling techniques. These results are then like phase.

used to produce a more robust thermodynamic description
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of adsorption at the mineral-water interface.

Results: Plane Wave Pseudopotential Calculations on Fe and Al Oxyhydroxides: The equation of state
of diaspore (a-AIOOH) was investigated theoretically using the plane-wave pseudopotential method.
Both norm-conserving and ultrasoft pseudopotentials were used in conjunction with both the local
density and generalized gradient approximations to generate pressure-volume relations for diaspore to
25 Gpa. All the resulting structures converged to Pbnm, which is the experimentally determined space
group for diaspore. The local density approximation with both the ultrasoft and norm-conserving
pseudopotentials gives bulk moduli about 10 percent too large. The ultrasoft pseudopotentials, when
used with either the local density or generalized gradient approximations, tend to give unit cell volumes
which are too small. The combination of the generalized gradient approximation and the norm-
conserving pseudopotential gives excellent results for lattice parameters at pressures up to 25 Gpa, and
bond lengths and bond angles measured from x-ray diffraction at ambient pressure, agreement in all
cases being better than 1 percent. These calculations suggested a re-interpretation of the main
compression mechanism identified in diaspore and goethite.

Plane-wave pseudopotential methods were used to investigate the structures and total energies of
AIOOH and FeOOH in the five canonical oxyhydroxide structures: diaspore (goethite), boehmite
(Iepidocrocite), akaganeite, guyanaite, and grimaldiite. The local density approximation was used in
conjunction with ultrasoft pseudopotentials in full optimizations of both AIOOH and FeOOH in each of
these structures. Structures are in reasonably good agreement with experiment, with lattice parameters
and bond lengths within 3 percent of the experimental ones. Neither AIOOH nor FeEOOH have been
identified in the grimaldiite or guyanaite structures, however we find that total energies for AIOOH and
FeOOH in these structures are comparable to or lower than the total energies of the commonly observed
polymorphs (with the exception of FeOOH in the grimaldiite structure, which is anomalously high
energy). For diaspore and boehmite we also provide calculations using the generalized gradient
approximation and norm-conserving pseudopotentials to assess the extent to which the results depend on
the particular level of theory used. We find that while diaspore has a lower energy in the local density
approximation, boehmite has a lower energy in the generalized gradient approximation, in contradiction
to experimental observations. Thus, while one may reasonably conclude that the differences in total
energies of the various (Al, Fe)oxyhydroxide polymorphs are small, current electronic structure methods
do not appear to be capable of accurately resolving these small differences. These findings provide
further confirmation that the structures of oxyhydroxide polymorphs and surface precipitates are more
likely to be a function of kinetics than of intrinsic lattice stability.

The excellent agreement with experiment on the diaspore equation of state justified use of the plane-
wave pseudopotential method on the hydroxylated corundum (012) surface. A study similar to our
earlier work on hematite (012) (see last year’s FWP) was carried out on corundum (012). This work
was carried out to provide an additional check on the molecular dynamics studies on hematite (012)
(corundum is at least in some respects a good model for hematite, but is more computationally tractable
for ab initio calculations). The goal of this work was to estimate the extent of dissociation of water on
corundum (012), and compare the result with that calculated for hematite (012). Density functional
calculations confirmed our predictions based on empirical potentials, that at least 50 percent of the water
on the (012) surface. Water adsorption energies were lower for the DFT calculations than for the
empirical potentials, but hydroxylation energies were still negative for the DFT calculations (i.e. the
water adsorption energy is greater than the cleavage energy), as is the case for the calculations using
empirical potentials.
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Classical Simulation of the Hydroxylation and PZC of the Magnetite (001) “A” and “B” Terminations:
A classical polarizable potential model is used in a molecular dynamics model of the magnetite (001)
surface. The model, previously applied to the tetrahedral, or “A” termination of magnetite (001) is here
applied to the octahedral or “B” termination, as well as to the hydroxylation of both the “A” and “B”
termination. Surface relaxations for the “B” terminated surface are small, and consistent with the
observed (\/2><\/2)R45 cell observed in LEED experiments. Additionally, it is shown that the relaxation
of a tetrahedral defect on the “B” terminated surface does not give rise to the same relaxation
mechanism as that calculated for the tetrahedral sites on the “A” surface. The lack of a ““ccurr” forming
at the defect site is consistent with recent STM studies. Calculations on charge-ordered magnetite slabs
indicate that, within the context of the ionic model used here, the surface energy of the “A” termination
of magnetite is lower than that of the “B” termination over a wide range of oxygen fugacities.
Hydroxylation has a negligible effect on the relative energies of the “A” and “B” surfaces, however, the
large gain in energy associated with tetrahedral ion relaxation on the “A” surface could explain the lack
of two high temperature peaks expected for successive removal of adsorbing waters from the same
tetrahedral site (C. H. F. Peden et al., unpublished).

Proton affinity and acidity calculations were carried out for the “A” terminated surface to check whether
the predicted pH of zero charge was less than that of hematite, as generally predicted experimentally.
Our prediction, based on our previous methods, using a linear free energy relationship between the
surface acidity and the deprotonation energy, gave erroneous results, with the PZC " ccurring around 9.6,
less acidic than either the hematite or goethite PZC. We hypothesize that solvent effects account for this
discrepancy by enhancing the acidity of the tetrahedral Fe™ at the surface.

Na-OH-H-Si04 —P0O4-SO4 Crystal Structures: We have made considerable progress testing our ab-
initio-based potential functions on a variety of oxyanion hydrate crystal structures. To do this, we
introduced sodium ion into the set of potential functions. This was deemed necessary because of the
large amount of experimental data available for the hydrated Na salts with the oxyanions of interest to
us. We tested the results on sodium hydroxide hydrate crystal structures: NaOH(1,3.5,4,7)-H,O lattice
constants and Na-O bond lengths were within 5 percent of experiment in all cases. The hydrated
hydrogen silicate and dihydrogen silicate sodium salts Na,H,Si0, + (4,5,7,8)H,0 and Na HSiO, -
(1,2,3)H,0 were gave lattice constants within our 5 percent target error, and gave stable protonation
states in agreement with experimental ones. This is not a trivial result and the proton affinity of the
hydrogen silicate anion is more than enough to hydrolyze water in the gas phase. The fact that we did
not observe these hydrolysis reactions in solution provides some validation that the solvent stabilization
of the hydrogen silicate anion is in the right range. Similar calculations are in progress on the sulfate
and phosphate structures.

Parametrization of the Chromate Model: Using quantum mechanical calculations, we have also
parameterized a model for chromate which is valid over all relevant protonation states over the range of
oxidation states from (VI) to (IV). The deprotonation energies and bond lengths are very good, except
for the proton affinity of H,CrO,, we are working on improving this latter value, its effect is that the
intermediate species H,Cr(IV)O, is in fact much more acidic than orthosilicic acid, and will readily
hydrolyze. We have used the model to examine coordination changes from tetrahedral to octahedral as
the chromium becomes reduced in aqueous solution. We find no coordination change for the Cr(IV)
species, which is of significance because it has been speculated for some time that this coordination
change is the rate limiting step in the reduction of chromate. We are investigating Fe(II1)-Cr(IV)
complexes to investigate whether complexation has any effect on the coordination of Cr(IV) in aqueous
solution
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Electron Transfer at the Fe(III) Oxide-Microbe Interface

J. M. Zachara (509-376-3254; Fax: 509-376-3650; john.zachara.pnl.gov), J. K. Fredrickson (509-
376-7063; Fax: 509-376-1321; jim.fredrickson@pnl.gov), Y. Gorby (509-373-6177; Fax: 509-376-
1321; yuri.gorby@pnl.gov), and T.Beveridge (519-824-4120; Fax: 519-837-1802;
tib@micro.uoguelph.ca)

Objectives: The project objectives are to 1) develop an improved understanding of the interfacial
mechanisms of electron transfer between dissimilatory Fe(IlI)-reducing bacteria and Fe(IIl) oxides; and
2) define the mineral structural, thermodynamic, and kinetic factors that control the rate and extent of
bacterial Fe(III) oxide reduction as a basis for predicting microbiologically driven reduction rates and
transformations in subsurface environments.

Project Description: Bacterial iron (III) reduction is a key process in sediments and subsurface
environments that controls the aqueous and solid phase speciation of Fe and other polyvalent metals,
radionuclides, and contaminants (e.g., Co, U, Cr, Tc, efc.). In spite of its widespread importance, the
mechanisms of bacterial electron transduction to Fe(IIl) oxides and the factors that control it remain
unknown. Research in this project is investigating microscopic aspects of bacterial iron (III) oxide
reduction using spatially-resolved synchrotron based spectroscopies, high resolution electron and
scanning probe microscopies, and transmission and conversion electron Mossbauer spectroscopies.
Laboratory experiments using a well studied bacterium (Shewanella putrefaciens) and abiotic reductants
(ascorbate, cysteine, AQDS); and synthetic, epitaxial iron oxide films and crystallites of known face
exposure and variable defect densities (hematite, magnetite) are used to investigate fundamental
hypotheses related to electron transfer at the oxide-organism interface. Focal points of the research
include: 1.) the influence of Fe(I1l) oxide surface structure and energy on microbiologic reduction and
the nature/spatial distribution of geochemical products formed; and 2.) the architecture of the bacteria-
mineral association including the spatial location of the cytochromes and exopolysaccharide (EPS)
relative to the oxide surface and areas of reduction.

Results: FY 99 research has investigated thermodynamic controls on bacterial Fe(IIl) oxide reduction
using magnetite and hematite as model systems. Both of these Fe(Ill) oxides are extremely stable and
are bacterially reducible only under certain conditions for
reasons that are not well understood. Magnetite (Fe,O,), a
mixed valence oxide [Fe(II)/Fe(Ill)], is considered a
stable mineral phase under anoxic conditions and not
susceptible to bacterial reduction. Accordingly it has
been used as a heavy-mineral geochemical marker of
provenance (e.g., sediment origin). We have shown,
however, that magnetite can be reduced by subsurface
bacteria under typical subsurface geochemical conditions.
Importantly, it has been observed that the identity,
thermodynamics, and precipitation mechanism of the
biomineralization products controls the rate and extent of  Figure. Bacterial reduction of goethite
bacterial magnetite reduction. The accompanying figure =~ (FeOOH) to magnetite (Fe,0,) and siderite
is an SEM image of fine-grained magnetite that has been =~ (FeCO;)

contacted with S. putrefaciens in bicarbonate buffer with
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lactate as an electron donor. Bioreduction only occurred in association with siderite precipitation.
Siderite formation provided a thermodynamic lever that was exploited by the organism to gain internal
energy in the magnetite. Siderite formation occurred topotactically to the magnetite, leading to a unique
morphologic association of magnetite-cored siderite. This mineral association has been observed in
anoxic geologic environments and sediments, and its mode of formation has previously been enigmatic.
Our results define a plausible diagenetic mechanism.

Researchers have long puzzled over the factors that control the availability of crystalline Fe(Ill) oxides
such as goethite, hematite, and lepidocrocite to microorganisms. Are oxide free energies, surface areas,
or surface structures more important? We have shown using a series of hematites of differing
morphologies and surface area, that crystallite face exposure, and accordingly surface energy and
structure, are key determinants of the bioreducibility of a Fe(Ill) oxide. The basal plane (001), which
often predominates hematite crystallites in terms of total surface area, appears recalcitrant to microbial
attack. Discussions with other BES collaborators (e.g., Rustad and Felmy) suggest that this recalcitrance
results from the surface coordination structure of (001) which is dominated by hydroxyls with high
coordination number (e.g., >1). Research planned for FY0O0 will examine crystallite face issues in more
detail, using epitaxially grown hematite and tabular hematite crystallites with different aspect/surface
area ratios of (001) to bounding faces.
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CONTRACTOR: Sandia National Laboratories

Lockheed Martin
Albuquerque, New Mexico 87185

CONTRACT: DE-AC04-94A1.85000
CATEGORY: Geophysics and Earth Dynamics

PERSON IN CHARGE: H. R. Westrich

Effects of fluid flow on inelastic deformation and failure in dilating and compacting rock
W. A. Olsson (505-844-7344; Fax: 505-844-7345; waolsso@sandia.gov) and D. J. Holcomb

Objectives: One of the proposed strategies for mitigation of carbon dioxide emissions is to sequester
CO, in depleted oil or gas reservoirs. For the implementation of this strategy, it is critically important to
understand how producing the original contents of the reservoir has changed the stress and deformation
states and the properties of the rocks making up the reservoir trap. For example, certain deformation
structures, such as shear and compaction bands, often compartmentalize a hydrocarbon reservoir before
or during production. Thus, inelastic deformation during earlier production or reinflation with CO, may
produce structures that interfere with fluid migration and make the reservoir unattractive as a potential
CO, repository.

Project Description: We are applying coordinated experimental, theoretical, and numerical techniques
to the problem through an existing university-national laboratory collaboration. J. W. Rudnicki at
Northwestern University, is addressing the theoretical and numerical aspects; and W. A. Olsson and D.
J. Holcomb at Sandia National Laboratories are designing and carrying out the experimental part of the
program. Deformation experiments are being performed on porous sandstone characteristic of oil and
tgas reservoirs. The Three main objectives of this work are: (1) to illuminate the phenomenology of
dilatant/compactive rock containing pore fluid in the drained and the undrained response, and test
predictions of current theory, (2) to collect the appropriate constitutive data constrained and suggested
by developing theoretical models, and (3) to construct well-posed experiments that can be used as
validation tests against a numerical implementation of the theory to be developed as part of this
research. Additional aspects of compaction of porous rock will also be included; porous rock is known
to have a cap on the yield surface and this will be addressed in the considerations. The theoretical
analytical model will be implemented into a numerical model for comparison to the validation
experiment.

Results: Triaxial compression experiments on Castelgate sandstone (porosity = 28%) under certain
conditions lead to compaction banding. To better understand the dynamics of the compaction process in
these experiments we instrumented cylinders of Castlegate with 12 acoustic transducers and then
subjected the specimens to triaxial loading at 45 to 80 Mpa confining pressure. Acoustic emissions
(AE) were monitored continuously throughout the experiments, and then locations of the events were
determined. During triaxial loading, near peak stress, one or two narrow tabular zone(s) of AE events,
perpendicular to the maximum compression direction, appear near one or both ends of the cylinder.
These zone(s) move toward the center of the specimen with increasing applied axial strain, and can be
forced to coalesce by continuing to increase the shortening. Microscopic observations show that the
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rock behind the AE zones are highly compacted, thus we interpret these moving zones of AE events to
be the boundaries or fronts between compacted and uncompacted material. Therefore, compaction of
the specimens occurs nonuniformly by the initiation and slow propagation of compaction fronts into the
uncompacted material. This appears to be a previously unrecognized mode of deformation of porous
rock.

Permeability measurements are being made axially across the specimens during experimentation. The
permeability drops dramatically upon formation of the band(s), and then continues to decrease steadily
with propagation of the band(s). Total change in permeability is about 2 orders of magnitude.

Inversion of Full Waveform Seismic Data for Shallow Subsurface Properties

D. F. Aldridge (505-284-2823; Fax: 505-844-0240; dfaldri@sandia.gov), G. J. Elbring, and D. E.
Womble)

Objective: This research plans to demonstrate the applicability of full waveform seismic inversion
methodologies to shallow subsurface environmental characterization or remediation targets.

Project Description: Inversion of full waveform seismic data is a large-scale, nonlinear, geophysical
inverse problem. A successful attack on this problem requires robust computational tools for 1)
calculating realistic simulated seismic data from a prescribed Earth model, and ii) inverting these data to
recover the Earth model properties. The general inversion procedure entails iteratively refining a
candidate Earth model until an acceptable match is obtained between predicted (i.e., computed) and
observed seismic data. Typically, a least squares measure of data misfit is adopted. Imposition of
model regularization constraints during each iteration restricts the non-uniqueness associated with the
problem, and allows noisy data to be examined. This formal inversion approach for recovering Earth
model properties may be especially relevant to shallow subsurface targets where the seismic arrivals
(reflections, refractions, diffractions, surface waves, efc.) are not easily separated via conventional data
processing techniques.

Results: A seismic wave propagation algorithm appropriate for three-dimensional (3D) isotropic elastic
media has been developed. The algorithm is based on the velocity-stress equations of linear
elastodynamics, a system of nine, coupled, first-order partial differential equations. Solution yields the
three components of the particle velocity vector, and the six independent components of the stress
tensor. An explicit, time-domain, finite-difference (FD) numerical scheme is used to solve this system.
Centered spatial and temporal FD operators possess 4"-order and 2"-order accuracy in the discretization
intervals, respectively. The nine dependent variables are stored on uniform, but staggered, spatial and
temporal grids.

The computational algorithm is a direct numerical implementation of the governing partial differential
equations of linear isotropic elasticity. No theoretical approximation, such as far-field distances, high
frequencies, weak scattering, or one-way wave propagation, is adopted. Hence, the algorithm generates
all seismic arrival types (P-waves, S-waves, reflections, refractions, multiples, mode-conversions,
diffractions, head waves, surface waves, etc.) with fidelity, provided the spatial and temporal gridding
intervals are chosen appropriately.

Special attention is devoted to representing the large variety of energy sources and receivers common in
the seismic exploration arena. Most such sources may be idealized as one or more stationary point
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forces, dipoles, couples, torques, explosions/implosions, surface tractions, etc. Multiple point sources
may be activated simultaneously, with independently specified orientations, magnitudes, and
waveforms. Hence, spatially extended source arrays may be modeled. Seismic energy receivers are
considered to be particle velocity sensors (geophones), acoustic pressure transducers (hydrophones), or
particle rotation sensors. The directional transducers may be oriented in any direction. Hence,
multicomponent recording is easily simulated. Finally, general (i.e., fully 3D) recording geometries are
permitted; sources and receivers may be distributed at arbitrary locations on and/or within the 3D Earth
model.

In order to simulate seismic conditions at the Earth’s surface, an explicit representation of a plane,
vanishing-stress surface boundary is included in the algorithm. Point traction sources, with arbitary
orientations, may be imposed on this surface. Nonplane surface topography will be incorporated into
the algorithm in the future. However, preliminary testing indicates that a nonplane stress-free surface
can be mimicked by assigning the material properties of air to grid nodes above the surface. Algorithm
stability is maintained by making the earth/air interface gradational.

Significant computational resources are required to execute this 3D elastic wave propagation algorithm.
In order to treat realistic-sized Earth models (e.g., tens of millions of spatial gridpoints) and trace
durations (e.g., tens of thousands of timesteps) with reasonable execution times, parallel versions of the
algorithm have been developed and sited on appropriate computational platforms. Parallel codes use
Message Passing Interface (MPI) and Parallel Virtual Machine (PVM) coding protocols to maintain
algorithm portability.

Synthetic seismograms replicating borehole experiments conducted at Bayou Choctaw Salt Dome in
Louisiana have been computed, and are a reasonable match to the field-recorded data, although with
reduced spectral bandwidth. A primary goal of these field experiments is to record reflected energy
from the nearby, nearly vertical, salt dome flank. Computational modeling of these data assist in
understanding the various geological and geophysical factors that influence the strength, character, and
even existence, of salt flank reflections.

The 3D elastic wave propagation algorithm described above forms the “driver” for an iterative full
waveform inversion scheme. We are presently investigating two specific inversion approaches: 1) the
gradient method, and ii) the subspace method. Each has merits, and we intend to develop a hybrid
approach incorporating the advantages of each. For example, the gradient method does not involve
solving a large system of linear, algebraic equations to obtain the model update. However, it is difficult
to incorporate a priori geological/geophysical constraints into the inversion methodology. In contrast,
the subspace method allows the straightforward introduction of constraints, but requires the solution of a
linear system of equations.

Micromechanical Processes in Porous Geomaterials

J. T. Fredrich (505-844-2096; Fax: 505-844-7354; fredrich@sandia.gov) and T. Wong (State
University of New York at Stony Brook)

Objectives: This project focuses on the systematic investigation of the microscale characteristics of
natural Earth materials, and how these micro-scale characteristics control the macroscopic deformation
and transport behavior. The research uses an integrated approach consisting of experimental rock
mechanics testing, quantitative 2D and 3D microscopy and statistical microgeometric characterization,
and theoretical and numerical analyses. The objective is to enhance fundamental understanding of
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failure and transport processes in geologic materials, and thereby strengthen the theoretical basis for the
application of laboratory results to various technological operations of importance.

Project Description: Knowledge of the microscale characteristics and behavior of rocks is important
for several energy-related applications, including global climate change and carbon management; oil
field geoscience; geotechnical engineering efforts such as design and assessment of geologic nuclear
waste repositories; and environmental remediation efforts at contaminated DOE and/or DoD
installations. We use an integrated approach consisting of experimental rock mechanics testing,
quantitative microscopy, and theoretical and numerical analyses. The experimental investigation
provides a detailed understanding of the microstructure of geologic materials and how the microscale
characteristics affect macroscale behavior including brittle failure and fluid transport. Detailed and
quantitative microstructural studies complement laboratory rock mechanics experiments. The results are
used to formulate and evaluate theoretical and numerical models of rock deformation and fluid flow.

Results: (1) Pore-scale lattice Boltzmann numerical simulations require flow definition at the model
ingress and exit; however, this condition is not definable a priori for flows in complex porous media.
Instead, this requirement is typically handled by “wrapping” flow around the model boundaries. But,
because of the geometric mismatch at the model boundaries for complex porous media, this requires
mirroring the model domain (in 3 dimensions). Because of the computational cost associated with this
approach, alternative formulations were developed to define the flow conditions at the boundaries
implicitly, rather than explicitly. (2) The sensitivity of the flow simulations to image segmentation is
being assessed quantitatively. The 3D image data are gathered at 8-bit resolution and typically 10-15%
of voxels contain a mixture of solid and void phase. We are comparing two global and one local
segmentation scheme. (3) Work was initiated to develop a numerical framework to allow the raw
unsegmented image data to be mapped directly onto the LB flow simulation. (4) A collaboration was
initiated with Prof. Kohlstedt at the Univ. of Minnesota. We are performing 3d flow simulations to
calculate the permeability of partially molten mantle rocks using binarized image data from serial
sectioning. This is a unique application as the permeability of the system of interest can only be assessed
through numerical simulation. (4) Optical and scanning electron microscopy studies are being
performed to elucidate the micromechanics of compaction in an analogue reservoir sandstone. The
microscopy, that includes quantitative stereological measurements, suggests that compaction of this
weakly cemented sandstone under a triaxial load path was accommodated in two distinct stages. The
first stage of compaction was associated with breakage of the minimal cement bonding the framework
grains and subsequent rotation of the intact framework grains to yield a more compact grain packing.
This stage reduced the macroporosity by an estimated 27%. The second stage of compaction was
associated with intense grain comminution and subsequent rotation of the grain fragments and resulted
in substantial additional reduction in porosity and bulk volume.

Resolution and Accuracy of 3-D Electromagnetic Imaging
G. A. Newman (505-844-8158; Fax: 505-844-7354; ganewma@sandia.gov) and D. L. Alumbaugh

Objectives: The objective of this research two fold. The first objective is to develop and analyze
techniques for quantifying the resolution of, and appraising the accuracy of images produced by 2D and
3D electromagnetic inversion schemes, and to apply these techniques to field data. The second objective
is to develop and the implement 3D magnetotelluric (MT) modeling and inversion schemes to
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demonstrate expected resolution improvements compared to standard, and much faster, 2D data analysis
over 3D targets.

Project Description: Non-linear electromagnetic inversion for 2D and 3D subsurface imaging of
electromagnetic properties has rapidly evolved over the last decade due to its potential benefit in the
areas of contaminant waste site characterization, oil and mineral exploration and delineation, and ground
water resource evaluation. However, before we can proceed on inverting field data and interpreting the
resulting images with any level of confidence, methods of appraisal and error analysis must be
developed. The purpose of this project is to examine established methods for this purpose such as
calculating the model covariance and model resolution matrices through direct matrix inversion using
Bakus-Gilbert theory, and examine procedures that estimate these resolution parameters without direct
matrix inversion; the latter is required when iterative techniques such as Conjugate Gradients are
employed within the inversion scheme.

An outstanding problem in the interpretation of 3D magnetotelluric (MT) data sets have been the lack of
robust and computationally efficient 3D inversion schemes. Whilst 3D forward modeling can be applied
to these types of data sets, it is often too cumbersome to use for trial and error fitting of observed data.
To overcome the computational barriers of 3D inversion, we have implemented a preconditioned non-
linear conjugate gradient solution on massively parallel computing platforms. Thus, large 3D MT data
sets can now be analyzed and it is now possible to study the resolving power of 3D inversion compared
to standard 2D data analysis.

Results: Linearized methods have been developed for appraising resolution and parameter accuracy in
images generated with two- and three-dimensional (2D and 3D) non-linear electromagnetic inversion
schemes. When direct matrix inversion is employed, the model resolution and aposterior model
covariance matrices can readily be calculated. Traditionally the main diagonal of the model resolution
matrix has been employed to estimate the resolution properties of the inversion process. However,
because this parameter alone cannot distinguish how the resolution varies in the different directions, we
chose analyzing individual columns the model resolution matrix, which allows the spatial variation of
the resolution in the horizontal and vertical to be estimated. Plotting the diagonal of the model
covariance matrix provides an estimate of how errors in the inversion process such as data noise and
incorrect a priori assumptions map into parameter error, and thus provides valuable information about
the uniqueness of the resulting image.

Methods were also derived for linearized image appraisal when the iterative conjugate gradient
technique is applied to solve the inverse problem rather than direct inversion. This technique must be
employed for the 3D problem as direct inversion is computationally too demanding. An iterative
statistical method was demonstrated to yield accurate estimates of the model covariance matrix as long
as enough iterations are employed. Although determining the entire model resolution matrix in a similar
manner is computationally prohibitive, individual columns of this matrix can be determined. Thus, the
spatial variation in image resolution can be determined by calculating the columns of this matrix for key
points in the image domain, and interpolating between. These linearized image analysis techniques were
conducted on 2D and 3D synthetic cross well EM data sets, as well as a field data set collected at the
Lost Hills Oil Field in Central California.

Because the above methods are linearized about a final model, there is uncertainty of how realistic an
estimate they provide given that we are solving a nonlinear inverse problem. To investigate this aspect
of image appraisal, a nonlinear technique for determining estimates of parameter uncertainty was
developed for 2D cross-well EM inversion, and the results of this appraisal method compared to those
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provided by the linearized technique. Here, parameter variance estimates are determined using the same
Monte Carlo technique as employed above, except the entire nonlinear inversion rather than just the last
iteration is rerun N times. Two oil field examples from California indicate that the linearized approach
produces the same general pattern in the uncertainty estimates as the nonlinear estimation process.
However, the linearized estimates are smaller in magnitude and show less spatial variation compared to
the full nonlinear estimates, and the deviation between the two techniques increases as the contrast
between the maximum and minimum parameter values increases within the inversion domain.

Three-dimensional (3D) magnetotelluric (MT) forward and inverse solutions have been implemeted and
applied in a resolution study for sub-salt imaging of an important target in marine magnetotellurics for
oil prospecting. In the forward problem, finite difference methods are used to efficiently compute
predicted data and cost functional gradients. A fast preconditioner is introduced at low induction
numbers to reduce the time required to solve the forward problem. We demonstrate a reduction of up to
two orders of magnitude in the number of Krylov subspace iterations and an order of magnitude
reduction in time needed to solve a series of test problems. For the inverse problem, we employ a
nonlinear conjugate gradient solution developed on massively parallel computing platforms. Solution
stabilization is achieved with Tikhonov regularization. To further improve the image resolution of sub-
salt structures, we have also incorporated two additional constraints within the inversion process. The
first constraint allows for the preservation of known structural boundaries within the inverted depth
sections. This type of constraint is justified for the sub-salt imaging problem because the top of salt is
constrained by seismic data. The other constraint employed places variable lower bounds on the
electrical conductivity above and below the top of salt. Cross sections of the inversion results over the
center of the salt structures indicate that the 3D analysis provides somewhat more accurate images
compared to faster 2D analysis, but is computationally much more demanding. On the flanks of the
structures, however, 3D analysis is necessary as 2D inversion shows significant image artifacts arising
from the 3D nature of the data. We conclude, however, that 3D inversion may not be cost effective for
the sub-salt imaging problem. Very fine data sampling along multiple profiles employed in the 3D
analysis yielded only a marginal improvement in image resolution compared to 2D analysis along
carefully selected data profiles. The study also indicates that in order to provide resolution that is
required to accurately define the base of the salt, additional constraints beyond that employed here, need
to be incorporated into the 3D inversion process.

CATEGORY: Geochemistry

PERSON IN CHARGE: H. R. Westrich

Atomistic Simulations of Clay Minerals and Their Interaction with Hazardous Wastes: Molecular
Orbital and Empirical Methods

R. T. Cygan (505-844-7216; Fax: 505-844-7216, rtcygan@sandia.gov) and Jian-Jie Liang
Objectives: Examine the interaction of selected metal ions, anions, and organic contaminants on the

external and interlayer surfaces of clay minerals using molecular orbital and empirical simulation
methods. The computer simulations will improve our understanding of the fundamental mechanisms of
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adsorption processes and may help to predict and optimize environmental approaches for the mitigation
of hazardous waste.

Project Description: Modeling of clay and clay-fluid systems combine energy minimization and
molecular dynamics methods using both molecular cluster and periodic system representations of the
bulk clay minerals, their external and interlayer surfaces, and the interacting fluids. One set of modeling
techniques uses an empirically derived forcefield to describe the energy of all atomic interactions. Bulk
structures, relaxed surface structures, and intercalation processes are evaluated and compared to
experimental and spectroscopic findings for validation. More sophisticated calculations incorporate
state-of-the-art molecular orbital methods that complement the empirical models. Ab initio approaches
based on density functional theory (DFT) are used to examine the electronic structure of various clay
minerals. Massively parallel computers provide the capability to obtain fully optimized periodic
structures for large unit cell structures typical for clay minerals. Electron density distributions,
deformation maps, HOMO/LUMO extents, and electrostatic potentials are used to evaluate the
crystallographic control and mechanisms for contaminant sorption. This project is being performed in
collaboration with Cynthia J. Hartzell (Northern Arizona University), Andrey G. Kalinichev (University
of Illinois), and Kate Wright (Royal Institution of Great Britain).

Results: We have developed a molecular mechanics forcefield based on the structures of simple
hydroxide phases and quantum-based partial charges for modeling natural hydrous phases. The
forcefield incorporates octahedral substitution involving Mg and Fe (for Al) and tetrahedral substitution
of Al (for Si), thereby allowing the evaluation of different charge distributions within the clay sheets.
The forcefield is flexible and allows all atoms and cell parameters to be unconstrained. Theoretical
models of the bulk structures of kaolinite, pyrophyllite, and smectite clays are in excellent agreement
with published refinements. The simulation of swelling phenomena involving water molecules, metal
ions, and organic complexes provide

crystallographic basal d-spacings that are in very
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CATEGORY: Hydrology

PERSON IN CHARGE: H. R. Westrich

Multi-component Convection in Porous Media and Fractures

R. J. Glass (505-844-5606; Fax: 505-844-6023; rjglass@sandia.gov), H. W. Stockman, and S. W.
Tyler (Desert Research Institute) and C. A. Cooper (Desert Research Institute)

Objectives: This research seeks to understand the physical and chemical processes controlling multi-
component convection in porous and fractured media and to develop quantitative relationships between
system parameters (solute concentrations, permeability and system geometry), system stability, flow
field structure, and convective transport.

Project Description: We apply high resolution, full field light transmission techniques to study the
onset and development of convection in simulated porous media (Hele-Shaw cells) and fractures. The
light transmission technique allows quantitative measurement of the solute concentration fields in time
thus allowing direct measurements of the mass flux of components. Experiments are first designed to
test theoretical stability relations as a function of the solute concentrations, solute diffusivities and the
medium's permeability.

Structural evolution and convective transport as a function of dimensionless control parameters is then
determined across the full range of parameter space. We also consider the application of lattice gas
automata techniques to numerically model the onset and development of convection.

Results: The dimensionless buoyancy ratio (R,), given by the ratio of fluid density contributions by the
two components, is one of three dimensionless parameters required to define system behavior. We
designed experiments where we systematically increased the buoyant driving force while keeping R,

constant. Experiments covered the entire range of concentrations up to the solubility limits for the salt-
sucrose (denoted by subscripts 1 and 2 respectfully) system while maintaining a constant R of 1.08.

This approach allowed us to investigate system response over a three order of magnitude increase in the

buoyant driving forces (@ = 3,C, + B,C,) where B is the volumetric expansion coefficient and C is the
concentration.
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The vertical length scale, (h), defined by the tips of the growing fingers, was found to increase linearly
in time for all 14 experiments regardless of the magnitude in @; however, the vertical growth rate of h
shows strong dependence on ® (bottom left figure). For values of ® on the order of 10”, the relationship
takes the form, w = 0.2d. As ® increases to 10", the scaling relationship becomes w = 0.003® and w
shows only slight dependence on ®. A further increase in @, results in a decrease in the vertical growth
rate. The horizontal growth rate shows t"** dependence for 10” < ® < 0.05, therefore, regardless of the
initial frequency of the fingers, the growth rate remains unchanged. However, as ® approaches its
maximum, the relationship takes the form t*'', which suggests that the finger frequency at instability is
maintained throughout evolution (bottom right figure).

It has been common in the double-diffusive literature to report results as a function of R, suggesting that

this independent parameter governs system behavior. Based on these results, it is clear that system
response is quite variable even though R, is invariant.

The functional dependency of both vertical and horizontal growth rates of the instabilities emphasizes
the importance of careful, systematic characterization of this phenomenon in order to understand the
influence of critical controlling parameters.

Laboratory Investigation of Permeability Upscaling

V. C. Tidwell (505-844-6025; Fax: 505-844-6023; vctidwe @sandia.gov) and John L. Wilson (New
Mexico Institute of Mining and Technology)

Objectives: The goal of this research is to better understand the process of permeability upscaling.
Physical and numerical experimentation forms the basis for testing conceptual and theoretical models of
permeability upscaling as well as exploring alternative measures and models of this process.

Project Description: Investigation of permeability upscaling is predicated on the results of physical
experimentation. These experiments are unique in that: 1) permeability data are collected over a range of
different sample supports (sample volumes), each subject to consistent measurement conditions; 2) data
are collected on densely sampled grids providing detailed resolution in the spatial distribution of
permeability; and 3) experiments are repeated on a variety of geologic materials each differing in their
structural/textural attributes. A specially designed gas minipermeameter provides a rapid, precise, and
non-destructive means of collecting permeability data. By varying the size of the minipermeameter tip
seal, measurements spanning five orders of magnitude on a per-volume basis are made subject to
consistent boundary conditions and flow geometry. Thousands of measurements on multiple faces of
meter-scale blocks of rock are collected with each of five different tip seals (0.31 - 5.08 cm ID) plus a
single large tip seal (15.24 cm ID) designed to integrate over the entire sampling domain. To quantify
permeability upscaling, key summary statistics are calculated from the acquired data sets and analyzed
with reference to their corresponding sample support. Results are interpreted in light of the physical
characteristics of the porous medium and measurement characteristics of the sampling instrument.
Detailed numerical modeling is also employed to further explore and quantify the empirical upscaling
behavior and to extend the studies to a broader suite of materials.

Results: Inversion of the permeability from air minipermeameter measurements is based on a
numerically determined geometric factor. For a variety of reasons, we sought a more exact solution
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using both analytical and numerical methods. The two independent solutions agree to five significant
digits and provide much improved precision over the previously published results.

We have also developed an adjoint state method for theoretically determining the spatial filter function
of the air minipermeameter. We implemented this procedure with a finite element model and were able
to plot the three-dimensional filter function for the tip seal design used in our current work. The function
shows great sensitivity to the permeability just below the inner tip seal radius and a lower but still
significant sensitivity to the permeability just below the outer tip seal radius. The filter function also
appears to be proportional to the velocity squared, a previously unreported observation for any
instrument. We plan to use the derived function to better interpret the empirical filter functions we
recently published [Tidwell et al., 1999].

Finally, we derived finite element numerical solutions for a layered permeability system consisting of a
surface layer of one permeability overlying a substratum of a second permeability. This solution will
assist us with determining the importance of surface disturbances from sawing and other rock
preparation effects on minipermeameter measurements.

Two-Phase Immiscible Fluid Flow in Fractured Rock: The Physics of Two-Phase Flow Processes
in Single Fractures

R. J. Glass (505-848-0556; Fax: 505-848-0558; rjglass @nwer.sandia.gov), H. Rajaram (University
of Colorado, Boulder) and M. J. Nicholl (Oklahoma State University)

Objectives: The objective is to develop a quantitative understanding of critical fundamental processes
controlling two-phase flow and transport in fractures, based on detailed physical experiments and high-
resolution numerical simulations. This understanding may subsequently be abstracted for use in
conceptual models applied to large-scale problems in petroleum extraction, isolation of hazardous or
radioactive waste, remediation of contaminated subsurface media and CO, sequestration.

Project Description: Under two-phase immiscible flow conditions, the phase geometry associated with
each phase controls the fluid flow and solute transport characteristics. The phase geometry is in-turn
determined by a combination of the aperture variability, the capillary and viscous effects inherent in the
two-phase flow processes themselves and external forces such as gravity. If one of the fluids can
slightly dissolve in the other, then transport of the dissolved fluid also influences phase geometry.

In this collaborative project between Sandia National Laboratories, Oklahoma State University and
University of Colorado at Boulder, systematic physical experimentation is coupled with concurrent
numerical simulation to explore the factors controlling phase-structure, flow, transport, and inter-phase
mass transfer in rough-walled fractures. A high-resolution light-transmission technique has been
developed to facilitate acquisition of accurate experimental measurements of aperture, phase geometry
and solute concentrations in transparent analog fractures. Use of this technique will lead to data of
unprecedented accuracy for evaluating current understanding of invasion, flow and transport processes,
and motivate refinement of theoretical concepts.

Results: A Modified Invasion Percolation (MIP) algorithm has been developed and comprehensively
tested, to simulate phase invasion processes influenced by capillary and gravity forces. An essential
feature of the MIP algorithm in the context of application to rough-walled fractures is the incorporation
of an in-plane curvature term. The inclusion of this term is critical to obtaining phase structures that
correspond closely with experimentally measured phase structures. The in-plane curvature term is not
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incorporated in previously proposed approaches such as standard percolation (SP) or traditional invasion
percolation (IP, incorporating only an out-of-plane curvature across the aperture).

To allow a meaningful experimental evaluation of current conceptual models of flow, transport, and
inter-phase mass transfer, aperture measurement errors were minimized and quantified. Each component
of the light transmission system was evaluated with respect to its contribution to measurement error and
the individual errors were combined to yield estimates of the total error at any location within the flow
field. This effort indicated that minimizing aperture measurement errors requires a trade-off between
precision errors resulting largely from signal noise and accuracy errors resulting from the nonlinearity of
light absorbance by the dye used for measurements. The optimal measurement process is fracture and
system specific and thus must be carefully evaluated for each new fracture or measurement system.

A careful re-evaluation of saturated and unsaturated flow experiments in rough-walled fractures is in
progress, to identify the sources of discrepancy between experimental results and numerical simulations
employing the Reynolds equation. It is expected that these efforts will lead to unambiguous and
comprehensive evaluations of the Reynolds equation. Several issues related to the numerical
implementation of the Reynolds equation and the adequacy of data resolution are also being
investigated.

A series of experiments on solute transport in partially saturated fractures was carried out. These
experimental results highlight the importance of solute diffusion into and out of low velocity regions
adjacent to the entrapped non-flowing phase. Because of these low velocity regions, the front edge of a
solute plume appears to be more influenced by flow channeling and the tail portion appears to be
stretched out. These experimental results will be compared against numerical simulations of solute
transport in order to better understand the importance of the low velocity regions.

Continuum and Particle Level Modeling of Concentrated Suspension Flows

L. Mondy (505- 844-1755; Fax: 505-844-8251; lamondy @sandia.gov), A. Graham (Texas Tech
University), M. Ingber (University of New Mexico)

Objectives: The purpose of this program is to combine experiments, computations, and theory to make
fundamental advances in our ability to predict transport phenomena in concentrated, multiphase,
disperse systems, particularly when flowing through geologic media.

Project Description: The proposed research will elucidate the underlying physical principles that
govern concentrated multiphase systems in areas essential to continued progress in geosciences. In
order to be of use in real world applications, significant enhancements to currently available continuum-
level suspension flow models will be required. We will use both experimentation and high performance
computing to obtain microstructural information that is necessary to the development and refinement of
the continuum models. For example, we expect to use this microstructural information to gain insight
into the physics of particle bridge formation and collapse and particle sedimentation, which are
particularly important in sand control issues found in petroleum production. Further, we expect that
continuum-level modeling could eventually be directly implemented in codes currently used to predict
hydraulic fracturing operations in the petroleum industry. The understanding gained about the physics
of multiphase flows will, however, have much broader application in geosciences.

Results: The continuum models originally developed by Phillips ef al. (1992) and Nott and Brady
(1994) has been extended to account for normal stress contributions. This allows accurate predictions of
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suspended particle migration in curvilinear flows. The Phillips-type model currently also allows for
non-neutrally buoyant particles and non-Newtonian suspending liquids. Results from the new models,
which have been implemented into a general-purpose finite element computer code, show good
agreement with experimental measurements based on nuclear magnetic resonance (NMR) imaging. In
addition, massively parallel computing has allowed particle level simulations, based on the boundary
element method (BEM), with up to a thousand particles. These simulations are currently being used to
determine the magnitude of the normal stresses developing from particle interactions, as well as to
develop more accurate hindered settling functions for particles interacting with other types of particles
or in a porous medium. These simulations lead to detailed information on individual particle and fluid
motion that is unobtainable through experiments. In addition, a multipole-accelerated boundary element
method (BEM) has been developed to simulate many thousands of individual interacting particles.
Two-dimensional dynamic simulations show qualitative agreement with (three-dimensional) laboratory
experiments, and three-dimensional simulations are now possible for “snapshots” of interacting
particles.
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PART ll: OFF-SITE

GRANTEE: American Museum Of Natural History

Department of Mineral Sciences
New York, New York 10024

GRANT: DE-FGO02-92ER14265

Influence of carbon on the electrical properties of crustal rocks
E.A. Mathez (212-769-5379; Fax: 212-769-5339; mathez@amnh.org)

Objectives: Understand the adsorption of carbon on silicate surfaces in the presence of carbonaceous
gases; determine the nature and origin of carbon in deep crustal rocks; and seek applications to a section
of the San Andreas Fault system currently the object of seismic research.

Project Description: The adsorption study will be conducted by fracturing rocks and single crystals of
synthetic forsterite, natural olivine, quartz, and amphibole under identical conditions in the presence of
CO-CO, gas mixtures, using experimental and analytical techniques developed in our previous studies.
The composition and distribution of carbon in a suite of deep crustal rocks will be determined using
time-of-flight secondary ion mass spectroscopy (ToF-SIMS) and electron probe techniques. To learn if
carbon deposition plays a role in active fault systems, we shall also determine the nature and distribution
of carbon in rocks and outcrops at Parkfield, CA. This is a joint project with A.G. Duba (LLNL) and T.
J. Shankland (LANL).

Results: The nature and distribution of carbonaceous matter in microcracks and grain boundaries in
amphibolite samples from 4.6 and 9.1 km depth in the KTB borehole have been investigated using
electron probe and ToF-SIMS. In the sample from 9.1 km depth, the carbon is dominantly to completely
elemental. In contrast, the carbonaceous matter in the samples from 4.6 km depth comprises a mixture of
elemental carbon and hydrocarbons. The latter are believed to include simple alkanes and lesser
amounts of alcohols, ethers, ketones or aldehydes. Small quantities of haloalkane or thiol compounds
may also be present. The microcracks containing carbonaceous matter are also occupied by a retrograde
micro-assemblage consisting of ferri-oxy-hydroxide, calcite, and possibly clay minerals, suggesting that
the carbonaceous matter and retrograde minerals formed together. These features formed at crustal
levels above the brittle-ductile transition (ca. 10 km) after the time of peak metamorphism.

Carbon compounds form extensive, quasi-continuous coats on microcrack and grain boundary walls and
likely influence in situ rock electrical conductivity. Retrograde metamorphism, in which graphite in the
mid- and deep crust is transformed to a mixture of graphite and hydrocarbons in the shallow crust during
uplift, may increase rock resistivity. This chemical destruction of the interconnectivity of electrical
pathways may contribute to the diminished conductivity of the shallow crust in relation to the deep
crust.
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GRANTEE: Arizona State University

Departments of Geology and Chemistry/Biochemistry
Box 871404
Tempe, Arizona 85287-1404

GRANT: DE-FGO03-95ER 14533

Reaction Mechanisms of Clay Minerals and Organic Diagenesis: An HRTEM/AEM Study
P. R. Buseck (602-965-3945; Fax: 602-965-8102; pbuseck@asu.edu)

Objectives: The objectives of this study were to gain an improved understanding of the microstructures
and reaction mechanisms for diagenetic reactions in selected layered silicate minerals and organic
materials found in surficial environments. The project was subsequently expanded to include studies of
iron oxyhydroxides both because of their role in surficial environments, specifically soils, and their
potential importance as scavengers of heavy metals, including toxic waste products.

Project Description: We studied clay and detrital minerals as well as organic matter in sequences of
Upper Cretaceous and Lower Tertiary clastic rocks from the southern Rocky Mountains using a range of
analytical and structural techniques. We were especially interested in: (1) the berthierine-to-chamosite
reaction, (2) smectite illitization, (3) organic diagenesis, (4) XRD versus TEM size distributions of clay
minerals, and (5) ferrihydrite, a poorly crystalline iron oxide of the types found in surficial
environments.

A study of ferrihydrite and related iron oxyhydroxides was added in an attempt to understand their
definition, structure, and character as an aid to determining their potential as heavy-metal scavengers
and natural repositories for such metals.

Results: Ferrihydrite (also known as "amorphous iron oxide," "hydrous ferric oxide," and "colloidal
ferric oxide") is a common, poorly crystalline iron oxide that forms in surface environments. Numerous
studies of synthetic ferrihydrite have addressed its ability to adsorb or coprecipitate with organic
compounds and ions of elements that include Ba, Na, P, V, Cd, Cr, Sr, Li, T, Sn, Zn, Cu, Ni, Ag, Co,
Se, As, Hg, Sr, Pb, U, and Np. Ferrihydrite is an effective adsorbent of ColIEDTA2- and NillIEDTA2-
complexes, which are used as chelating agents for radionuclides in waste disposal, and it is used in
industrial waste-water treatment. We successfully used electron microscopy and electron nanodiffraction
to provide significant new insights into the structure of this ubiquitous and yet somewhat mysterious
material.

Natural ferrihydrite samples, because of their poor crystalline structure, unusually fine-grained character
(< 6 nm), and variability in minor and trace element contents, are extremely difficult to study. They also
display considerable variability in both structural and chemical properties. X-ray diffraction patterns
show two to six broad peaks, corresponding to lattice-plane spacings of ~0.15 to 0.26 nm. Ferrihydrite
with two peaks is known as "2-line" ferrihydrite (2LFh), and that with six peaks is commonly called 6-
line ferrihydrite (6LFh). Numerous models have been proposed but have been difficult to test. We
applied a new method to this problem - single-crystal nanodiffraction. Such patterns from synthetic
2LFh were divided into three groups corresponding to a highly disordered structure consisting of close-
packed anionic, a structure with close similarities to highly ordered distorted feroxyhite, and a
maghemite-like material. Nanodiffraction patterns with characteristics intermediate between the highly
disordered structure and each crystalline structure suggest continuous variation in the degree of ordering.
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Our proposal that the observed characteristics are dominated by those of the highly disordered structure
leads to interpretations that differ in important respects from those of previous researchers. Although we
find that there is no single 2LFh crystal structure, the high degree of disorder suggests that an
understanding of the average structure may suffice to explain the observed chemical and phase-
transition behavior of synthetic 2LFh. The average structure can be inferred from methods such as XRD,
SAED, and synchrotron data, which measure bulk properties; however, details require methods such as
transmission electron microscopy that can provide higher spatial resolutions.
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GRANTEE: Arizona State University

Center for Solid State Science
Box 871704
Tempe AZ 85287-1704

Grant: DE-FG03-94ER 14414

Chemical Dynamics of Hydrocarbon Reservoirs Investigated by Secondary Ion Mass
Spectrometry

R. L. Hervig (602-965-3107; Fax: 602-965-9004; richard.hervig @asu.edu) and L. Williams (602-
965-5081; Fax: 602-965-8102; lynda.williams @ asu.edu)

Objectives: Microanalyses of oxygen and boron isotopes in authigenic silicates are being obtained to
determine their variation in hydrocarbon-producing sedimentary basins. These analyses can be used to
constrain mass transport processes occurring during diagenesis and hydrocarbon migration.

Project Description: Current research examines the isotopic heterogeneity of authigenic silicates
(quartz, feldspar, clay minerals) in the Gulf Coast Sedimentary Basin in order to interpret the chemical
environment of precipitation during burial diagenesis. In situ analyses of O-isotopes help determine the
timing of reservoir cementation and the volumes and chemistry of the paleofluids responsible.
Concurrent changes in B-isotopes were investigated as an aid to interpretation of the sources of fluids.
Organic matter is a potential source of B in clastic sedimentary basins undergoing burial and thermal
maturation. Understanding sources of B is required to interpret mass transport processes and develop
better models to explain fluid flow and hydrocarbon migration.

Results: In 1999 the experiments to determine B-isotope fractionation as a function of temperature were
completed. With this information, an isotope fractionation curve was deduced. The validity of the
fractionation curve was tested using samples from the U.S. Gulf of Mexico Sedimentary Basin, Alberta
Basin, and a Cretaceous black-shale intruded by a dike. Following are the major conclusions of these
investigations.

A linear fit to the isotopic fractionation of B determined by the experimental reaction of smectite to
illite, together with data from higher and lower temperature experiments, produced the following
relationship:

A(T) pineraowaen = —10.12 % (1000/T (K))+2.44

It appears that this relationship is based on the coordination change of B from trigonal in solution to
tetrahedral sites in the silicates. This curve applies specifically to silicates that incorporate B in
tetrahedral coordination, such as clay minerals.

The B-content and isotopic composition of oil field brines in the U.S. Gulf Coast reservoirs showed
changes both laterally across the reservoir and vertically among stacked reservoirs. There appeared to be
a ''B enrichment of waters with distance of migration, that could result from the 10B preference for clay
minerals. However, this trend might also reflect a separation of gaseous or light hydrocarbons with a

higher §''B.

Kerogen extracted from source rock in the Gulf Coast contains >100 ppm B, similar to the quantities
observed in the pore-filling clay minerals of the reservoir, and in many oil field brines. The isotopic
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composition is light (0 to —10%o), therefore organic matter is a potential source of 'B during thermal
maturation. This research deduced that B is released by processes of late hydrocarbon maturation,
possibly during dry gas generation. Although kerogen makes up only a small percentage of any
sedimentary basin, its significance as a source of boron in deep sedimentary basins cannot be ignored
when considering its reactivity compared to clay minerals.

The kinetics of the illitization reaction was demonstrated by a time-series of samples analyzed during
the reaction progress. The results showed that metastable equilibrium is attained with respect to B-
isotopes during R1 ordering of the I/S, but that equilibrium conditions require long range ordering (R3),
indicative of neoformation of authigenic illite. In general, there was a 5-fold increase in the B-content of
the illite during recrystallization. This indicates that illite is a sink for B, not a source of B during burial
diagenesis.

The neoformation of illite at depths similar to those of hydrocarbon generation makes boron a sensitive
monitor of pore fluid changes related to organic maturation. If the B-isotopic composition of reservoir
fluids can be linked to a specific source rock, then authigenic illite might record the presence of fluids
related to hydrocarbons.

Authigenic illite is a reservoir for "B, even at high temperatures (~500°C). This was demonstrated by the
very high B-content (500 ppm) of a bentonite sample taken near a dike in the presence of metasomatic
fluids. Other samples in the bentonite showed a 20%o decline in §''B of the I/S during long-range
ordering. Applying a Rayleigh distillation model to this bentonite (using the isotopic fractionation from
(1) above) successfully predicts the range of boron isotopic compositions observed.

Application of the isotopic fractionation curve to a steam-injected reservoir in the Alberta Basin
demonstrated that the 3''B of the hydrothermal fluids could be predicted by the isotopic composition of
the pumice in the reservoir as a function of temperature. The pumice contained the highest
concentrations of B and was the most reactive constituent of the reservoir.

The successful application of the new B-isotope fractionation curve to prediction of the pumice-water
fractionation demonstrates that the curve is not limited to clay minerals, but can be applied to other
silicate minerals undergoing recrystallization, as long as there is a coordination change for B from
trigonal (aqueous) to tetrahedral (mineral). This makes B-isotopes a useful geothermometer in
hydrothermally stimulated oil-reservoirs and potentially other high temperature environments such as
geothermal wells.
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GRANTEE: Boston University

Physics Department
590 Commonwealth Avenue
Boston, MA 02215

GRANT: DE-FG02-95ER 14498

Nonlinear Systems Approach to Understanding the Origin of Geodetic Crustal Strains
(Collaborative Research)

W. Klein (617- 353-2188) and J. B. Rundle (303-492-5642; Fax: 303-492-5070)

Objectives: To develop a physical understanding of the origins of geodetic crustal strains in nonlinear
geomechanical systems, to examine the space-time patterns and correlations that occur in these systems,
and to use these patterns to forecast the future activity that may produce disasters affecting a wide
variety of critical energy facilities.

Project Description: A variety of nonlinear dynamical processes operate within the complex Earth
system. Signatures of these processes include the appearance of scaling (fractal distributions), global
and local self-organization, intermittancy, chaos, and the emergence of coherent space-time correlations,
patterns, and structures. The geodynamical effects observed in earthquake systems, particularly crustal
straining, dynamical segmentation, and intermittant seismicity, are being modeled in massively parallel
simulations in an effort to clarify the origins of these phenomena. Simulations and theoretical
investigations are particularly aimed at quantifying the limits of predictability for catastrophes
(disasters) that occur within the Earth system. We are currently developing both the simulation methods
for earthquake models, and the statistical mechanical analysis techniques needed to understand and
interpret the results. From these simulations, we will then predict geodetic and other deformation
associated with impending earthquakes to be tested against Global Positioning System, Synthetic
Aperature Radar, seismicity, and other field data.

Results: We have made important progress in several fundamental problem areas. These include: 1)
Stochastic evolution of stress fields on faults. Using numerical simulations, we have made a
fundamental advance in understanding how failure and frictional processes influence the size of
earthquakes. Stable precursory slip in a variety of current friction laws, such as the slip-dependent and
rate-and-state laws, acts to smooth the stress distribution. Smoothing processes are thus associated with
stable (aseismic) slip, whereas roughening processes are associated with unstable slip (earthquakes). 2)
Space-time patterns in crustal deformation and seismicity with implications for forecasting. We
analyzed the eigenpatterns and space-time structure of earthquake seismicity in southern California and
found that systematic variations in seismicity can be seen prior to large earthquakes. These precursory
patterns may prove useful in anticipating the occurrence of large earthquakes. 3) Earthquake physics
and observational tests. We have found that earthquake physics can be understood as rotations of state
vectors in mean-field, phase dynamical systems. These results strongly suggest that the largest events
are accompanied by precursors that can be observed in crustal deformation and seismicity data.
Analysis indicates that the largest repeating events are associated with long-lived space-time structures
in the stress field.
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GRANTEE: California Institute Of Technology

Division of Geological and Planetary Sciences
Pasadena, California 91125

GRANT: DE-FG03-85ER 13445

Infrared Spectroscopy and Hydrogen Isotope Geochemistry of Hydrous Silicate Glasses

S. Epstein (818-356-6100; epstein@ gps.caltech.edu) and E. Stolper (818-356-6504; Fax: 818-568-
0935; ems@expet.gps.caltech.edu)

Objectives: The focus of the proposed project is the combined application of experimental petrology
and geochemistry with stable isotope geochemistry to problems in petrology and geochemistry, with
particular emphasis on the behavior of the volatile components, H>O and CO», in geological systems
ranging from high to low temperatures.

Project Description: This project integrates (1) laboratory studies directed toward the development of
analytical techniques and a solid understanding of the physical chemistry of geological systems through
carefully controlled experiments, and (2) syntheses and field studies in which these techniques and
chemical principles are applied to specific petrological and geochemical problems. A key feature of this
project is the combination of methodologies from stable isotope geochemistry with those from other
fields (e.g., experimental petrology, mineralogy, and atmospheric science). Results of this work will
continue to be applied to developing quantitative constraints on geological processes involving H>O and
COy. Our results also contribute to a deeper understanding of the chemical and physical properties of
volatile-bearing systems and have applications to both Earth and materials science.

Results: (1) Experiments and analyses were undertaken to determine O-isotope fractionation between
CO», minerals, and silicate melts. Such experiments are essential for using O-isotopes quantitatively to
constrain the origin and evolution of magmas. An experimental technique for determining O-isotope
fractionations between CO» and silicate melts using laser fluorination techniques has been developed.

Most experiments thus far have been on a sodic melilite composition that is an analog for basaltic melt.
The results have been reversed at 1250°C and give a precise value for vapor-melt fractionation consistent
with but more precise than the range expected for CO3-basalt based on extrapolations of previous
experimental data and empirical calculations. (2) 1-liter samples of air have been collected at 1-2 day
intervals for almost 1.5 years on the Caltech campus. Comparison of CO concentrations and isotopic
compositions were compared with a set of data collected in 1972-73 in a similar location. Excellent
correlations between concentration and §13C confirm that Pasadena has had an increase in CO»
concentration of ~50 ppm and that the heaviest end member has become lighter by ~0.5%0 over the past
26 years. Both of these observations reflect the effects of fossil fuel combustion. COj concentrations
are significantly higher overall than oceanic sites and isotopically lighter. Unlike seasonal variations in
CO7 concentrations observed at sites dominated by oceanic influences at the same latitude, the data for
the Caltech campus shows no seasonal variation because the pollution effects overwhelm them. Several
candidates for the “pollutant” end member have been examined, and the trend for the air samples
corresponds well with automobile exhaust. The CO» concentrations and isotopic compositions on the

Caltech campus correlate well with NO; data from sites ranging from Hawthorne (i.e., near the ocean) to
Pomona (i.e., well inland of Pasadena), demonstrating that the observed trends are not local phenomena.
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GRANTEE: California Institute Of Technology

Division of Geological and Planetary Sciences
Pasadena, CA 91125

GRANT: DE-FGO03-88ER13851

Isotope Tracer Studies of Diffusion in Silicates and of Geological Transport Process in Aqueous
Systems Using Actinide Elements

G. J. Wasserburg (626-395-6139; Fax: 626-796-9823; isotopes @ gps.caltech.edu)

Objectives: The research program was directed to three principal objectives: 1) The determination of
the concentration and isotopic composition of Os in rivers, estuaries and the oceans; 2) The nature of U
transport on colloids and particles in natural waters.

Project Description: We are carrying out studies of the transport of actinide and platinum group
elements in rivers, bogs, estuarine environments and the oceans. This involves development of
advanced laboratory analytical procedures and improved field filtering techniques. The distribution of U
and Th on colloids and in solution was studied. These techniques have been applied to both oxic and
anoxic environments and establish clear relationships for element transport in natural conditions. The
analytical techniques involve high sensitivity mass spectrometry (TIMS and NTIMS), ICPMS and very
low blank-level chemical procedures

Results: 1) The role of colloids in the transport of **U and **U in rivers and the removal and exchange
that result from mixing with saline waters in estuaries has been studied. It was found that colloids
dominate the riverine transport of U and that a substantial fraction of the U is removed by the
aggregation and sinking of Fe-organic rich colloids in the initial mixing in the estuarine environment.

2) A detailed study of the transport of **U, **U, **Th, **Th, **Th, **Ra and *'’Pb were carried out in a
well-defined, pristine watershed that feeds into an estuary. The area also includes mires. It is shown that
Th is dominantly transported on Fe-rich particles in the rivers with contributions from both authigenic
riverine particles and detrital grains. Only a small fraction of the Th dissolved. The Th not on particles is
predominantly associated with organic colloids upon discharge into the estuary. The residence time is
determined to be ~50 days due to particle scavenging.

3) For the first time, the Os isotopic composition and concentration was determined in the Ganges,
Brahmaputra and Indus rivers. This study was undertaken to establish the extent to which the Himalayan
uplift could be responsible for the increase in '¥Os/"**Os over the last 17 My. It was shown that these
rivers cannot be the cause of the changes in the seawater Os isotopic composition. The overall trend for
both Sr and Os that had been previously attributed to this source is not justified. The overall oceanic
trend could be explained by a regularly increasing input of global continental weathering, but the
Himalayas themselves do not appear to be the dominant source. (Sharma et al., 1999 Geochim.

Cosmochim. Acta 63, pp4005-12).

4) The first determination of the Os isotopic composition and concentration in hydrothermal fluids was
successfully carried out. Most high temperature hydrothermal fluids are buffered at about the seawater
concentration level but are predominantly of isotopic composition reflecting the mantle. A simple
theoretical model was developed that appears to explain the data and the interaction with both seawater
and with the rocks. It was shown that the hydrothermal fluids originally had very high concentrations of
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Os (and presumably other platinum group elements), which are deposited below the seawater interface.
The results show that these fluids, now almost stripped of Os are injected into seawater. These cannot
significantly affect the seawater balance. However, there are low temperature fluids with greatly
elevated Os concentrations that could provide large amounts of mantle Os into the oceans.
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GRANTEE: University Of California, Berkeley

Department of Geology and Geophysics
Berkeley, California 94720

GRANT: DE-FG03-85ER13419

Advective-Diffusive/Dispersive Transport of Chemically Reacting Species in Hydrothermal
Systems

H. C. Helgeson (510-642-1251; Fax: 510-643-9980;brogie @ Socrates.Berkeley.edu)

Objectives: The overall research objective of this project is to quantify the reaction process responsible
for the generation of petroleum in sedimentary basins using thermodynamic calculations and
compositional information to characterize metastable equilibrium states (Shock, 1988; Helgeson et al.,
1993; Seewald, 1994) and the causes and consequences of irreversible reactions in hydrocarbon source
rocks and reservoirs.

Project Description: The formation and evolution of petroleum in sedimentary basins is generally
attributed to the thermal catagenesis of kerogen; i.e. kinetically controlled irreversible generation of high
molecular weight liquid hydrocarbons in bitumen from kerogen and their progressive conversion to the
lighter species that predominate in petroleum as a result of increasing temperature and time with
increasing depth of burial. This widely accepted time/temperature paradigm is based largely on
extrapolation of the results of laboratory pyrolysis experiments to the natural process of petroleum
generation by correlating the products of the experiments with observed changes in kerogen composition
with depth in sedimentary basins. However, high-temperature pyrolysis experiments are by design
irreversible, and the extent to which the results of these experiments represent, or can even be reliably
extrapolated to account for petroleum generation in nature has never been adequately documented.

Although the phenomenological association of petroleum generation and maturation with increasing
temperature and time during burial is self-evident, the causal implications of this association are highly
questionable. In fact, it has been shown that in closed systems, source rocks with hydrogen-rich organic
matter may retain their petroleum generating potential at temperatures far greater than those normally
associated with the formation of crude oils. It can be demonstrated that degradation of organic matter
with increasing depth is an oxidation/reduction process that requires the presence of H,O.

Theoretical considerations and thermodynamic calculations have led to the hypothesis that hydrolytic
disproportionation of hydrocarbons plays a crucial role in the diagenetic deoxygenation of immature
kerogen, as well as the generation and maturation of crude oil in hydrocarbon source rocks. Recent field
and laboratory evidence supporting this hypothesis indicates that hydrolytic disproportionation of
organic matter is not only a dominant process in petroleum source rocks and reservoir systems, but that
it plays a widespread and important role in ore deposition and high-temperature metasomatism of
sedimentary, granitic, and mantle-derived rocks.

Results: Research carried out in the current budget period has been primarily concerned with 1)
thermodynamic description of model Type II kerogens in successive states of deoxygenation with
increasing burial of hydrocarbon source rocks and 2) carrying out Gibbs free energy minimization
calculations for various bulk compositions in the system C-H-O to determine the extent to which
metastable equilibrium states can be achieved among the model kerogens, H,O, and hydrocarbon species
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in crude oil with increasing depth and temperature. The calculations carried out so far indicate that
diagenetic deoxygenation of kerogen in source rocks in the upper part of the burial sequence is an
irreversible open system process which is driven by reaction of H,O with the oxygenated kerogen to
produce CO, and a less oxygenated, more hydrogenated kerogen. The calculations also indicate that the
Gibbs free energy minimum toward which the irreversible process proceeds corresponds to a metastable
equilibrium state among the deoxygenated kerogen species, the aqueous phase, and liquid hydrocarbons,
which signals the onset of oil generation. In accord with analytical data reported in the literature, further
burial and metamorphism of the deoxygenated kerogen leads to increasing production of crude oil with
increasing concentrations of lighter hydrocarbon species in the liquid and a progressively more oxidized
(aromatized) kerogen, all of which remain in metastable equilibrium with each other.
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Collaborative Research: Studies for Surface Exposure Dating in Geomorphology

K. Nishiizumi (510-643-9361; Fax: 510-643-7629; kuni@ssl.berkeley.edu), W. E. Dietrich (510-642-
2633, bill@geomorph.berkeley.edu), M. W. Caffee (Lawrence Livermore National Laboratory), R. C.
Finkel (Lawrence Livermore National Laboratory), and R. C. Reedy (Los Alamos National
Laboratory)

Objectives: An experimental and theoretical program to fully develop the systematics of in situ
produced cosmogenic nuclides in terrestrial surface samples and their application to the dating of surface
features and processes.

Project Description: Surface exposure dating utilizing cosmogenic nuclides is now acknowledged as a
successful means with which to date many terrestrial surfaces. It is also recognized that there are many
new applications for these techniques. Although the method rests on a firm physical and geochemical
foundation, there are examples of conflicting results. This project includes determination of precise
production rates and production depth profiles, studies of altitude and latitude effects, intercalibration
with other methods, isolation of in situ produced nuclides from other lithologies. The effort will focus
on chemical isolation of cosmogenic nuclides of geologic and artificially exposed samples, on
implementation of surface exposure dating methods using new radionuclides such as in situ "‘C and pure
spallation *°Cl, measurements of proton and neutron cross sections and development of theoretical
production rate calculation.

Results: After testing a wide range of chemical reagents, a procedure was developed by which the
concentration of meteoric ""Be in olivine could be reduced by a factor of 1000. In order to verify that
meteoric "'Be can be totally removed, we have applied the developed procedures to a young volcanic
lava sample from Kilauea, Hawaii, erupted in 1840. The expected in situ produced "Be and *’Al for this
sample is 650 atoms/g olivine and 2000 atoms/g olivine, respectively. Surprisingly we obtained a ''Be
concentration of 1.6 x 10” atoms/g olivine. There are two possibilities for the high "Be: 1) meteoric
"“Be has diffused into the olivine crystal and has not been removed by our leaching procedures; 2)
contaminant "'Be, i.e., "Be not produced in-situ by cosmic rays, has been incorporated into the olivine
crystal during crystallization. Conceivably this contaminant could have been scavenged from local rock
during the emplacement of the basalt. If the latter is the case, it may imply alteration of the upwelling
melts during Hawaii volcanic activity. To further investigate this observation, '’Be from various sources
encompassing a wider range geologic settings will be investigated. Similar tests on procedures for
removal of meteoric ""Be from calcite will also be conducted.

76



GRANTEE: University Of California, Berkeley

Environmental Engineering and Health
Sciences Laboratory
Berkeley, California 94720-1766

GRANT: DE-FG03-96ER 14667

Microbial Dissolution of Iron Oxides

G. Sposito (510-643-8297; Fax: 510-643-2940; sposity@ce.Berkeley.edu), L. E. Hersman (Los
Alamos National Laboratory), and P. A. Maurice (Kent State University)

Objectives: The overall objective of this research is to determine the rates and mechanisms whereby
bacteria dissolve Fe(Ill)(hydr)oxides in aerobic soil environments, where Fe is insoluble. Information
about the rates and mechanisms of Fe(III)(hydr)oxide dissolution is fundamental for a wide range of
hydrobiogeochemical soil, surface-water, and aquifer processes, yet little is known about dissolution by
aerobic bacteria. Fe(Ill)(hydr)oxides sorb radionuclides and organic contaminants; thus, their
dissolution may cause remobilization of these pollutants.

Project Description: Research at Berkeley has focused on the dissolution of goethite by the
siderophore, desferrioxamine B (DFO-B) in competition with a common biologically produced ligand,
oxalate. Continuous flow stirred-tank reactors were used in the dissolution experiments. The reactors
were immersed in a constant temperature water bath at 25°C, the entire assembly being wrapped in
aluminum foil to exclude light. The concentration of the goethite suspension was 10.0 g/l. The flow
rate of the reactor was controlled using a variable-speed peristaltic pump and determined by collecting
effluent over a fixed period. Division of the volume of the effluent by the time taken gives the flow rate.
The composition of the influent solution was 0.01 M NaClO,, 5 mM MOPS buffer, and fixed ligand
concentrations at pH 5.

Results: The rate of dissolution of goethite as a function of DFO-B concentration roughly paralleled the
adsorption isotherms of DFO-B on goethite, indicating that the dissolution rate is a function of adsorbed
ligand concentration and that dissolution is via ligand-promoted mechanism. The goethite dissolution
rate as a function of oxalic acid concentration was negligible below 100 uM, but increased linearly
above 100 uM. The goethite dissolution rate as a function of DFO-B concentration, with an oxalic acid
concentration fixed at 40 uM, was at least twice that of simply adding the goethite dissolution rates in
the presence of each ligand alone at the concentrations used. The goethite dissolution rate as a function
of oxalic acid concentration, with a DFO-B concentration fixed at 40 pM, was also much higher than the
sum of dissolution rates in the presence of each ligand alone. At low oxalic acid concentrations, the
dissolution rate increased linearly as the oxalic acid concentration increased.

In systems where both DFO-B and oxalic acid were present, the dissolution rate of goethite was
significantly enhanced, suggesting a synergistic effect of the two ligands. Before putting forward
hypotheses on this phenomenon, we shall collect data on adsorption of DFO-B and oxalic acid. This
will determine whether adsorption of the two ligands is competitive or promotive. Thus, we shall be
able to test the applicability of rate additivity in our systems.
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The Kinetics of Dissociation of Aluminum-Oxygen Bonds in Aqueous Complexes
W. H. Casey (530-752-3211; Fax: 530-752-1552; whcasey@ucdavis.edu) and B. L. Phillips

Objectives: We determine rates for key elementary reactions in dissolved aluminum complexes that
help establish a general reactivity scale for processes in more-complicated settings.

Project Description: At a molecular scale, most reactions of geochemical importance involve a bonded
atom or molecule that is replaced with another. The rates of bond cleavage depend very sensitively on
the other ligands that are also in the inner-coordination sphere of the metal. We probe these effects at
the most fundamental level by coupling NMR spectroscopy and aqueous experiments.

Results: In the first year of the grant we constructed an NMR probe suitable for "O-NMR experiments
at pressures of up to 5 kbar. High pressures are needed because the mechanisms of reactions are
determined through the activation volumes, which derive from the pressure dependence of the reaction
rate. The first system we examined is the pressure dependence of solvent exchange in the AIF**(aq) and
AlF,"(aq) complexes. This work is co